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PREFACE 


The  United  States  Air  Force  Surmer  Faculty  Research  Program  (USAF-SFRP) 
is  a  program  designed  to  introduce  university,  college,  and  technical 
institute  faculty  members  to  Air  Force  research.  This  is  accomplished  by 
the  faculty  members  oeing  selected  on  a  nationally  advertised  competitive 
basis  for  a  ten-week  assignment  during  the  summer  intersession  period  to 
perform  research  at  Air  Force  laboratories/centers.  Each  assignment  is  in  a 
suoject  area  and  at  an  Air  Force  facility  mutually  agreed  upon  by  the 
faculty  members  and  the  Air  Force.  In  addition  bo  compensation,  travel  and 
cost  of  living  allowances  are  also  paid.  The  USAF-SFRP  is  sponsored  by  the 
Air  Force  Office  of  Scientific  Research,  Air  Force  Systems  Command,  United 
States  Air  Force,  and  is  conducted  by  the  Southeastern  Center  for  Electrical 
Engineering. 

The  specific  objectives  of  the  1984  IEAP-SFRP  ares 

(1)  To  provide  a  productive  means  for  Scientists  and  Engineers  holding 
Ph.D.  degrees  to  participate  in  research  at  the  Air  Force  Weapons 
Laboratory; 

(2)  To  stimulate  continuing  professional  association  among  the 
Scholars  and  their  professional  peers  in  the  Air  Force; 

(3)  To  further' the  research  objectives  of  the  United  States  Air  Force; 

(4)  To  enhance  the  research  productivity  and  capabilities  of 
Scientists  and  Engineers  especially  as  these  relate  to  Air  Force 
technical  interests. 

During  the  summer  of  1984,  152  faculty  members  participated.  These 
researchers  were  assigned  to  25  USAF  laboratories/centers  across  the 
country.  This  three  volume  dociment  is  a  compilation  of  the  final  reports 
written  by  the  assigned  faculty  n embers  about  their  summer  research 
efforts. 


1 


REPRODUCED  AT  GOVERNMENT  EXPENSE 


•V 

\V, 

«L  '  * 

*.V, 


A- 

A..* 

$ 

n 


UFOSK-TR-  ;  -0481 


KV? 


„*  for 

,TO''e"'  .,"11 

i-V'-i1  • 


05»  ' 


V. 

;v. 


r  < 


/ 

./ 


. /  ■ 


UNITED  STATES  AIR  FORCE 
SUMMER  FACULTY  RESEARCH  PROGRAM 
1984 

PROGRAM  MANAGEMENT  REPORT 

SOUTHEASTERN  CENTER  FOR  ELECTRICAL  ENGINEERING  EDUCATION 

Volume  III  of  III 


Program  Directors,  SCEEE  Program  Manager,  APOSR 

Warren  D.  Peele  Major  Amos  L.  Otis 

Earl  L.  Steele 


Submitted  to 

Air  Force  Office  of  Scientific  Research 
Bolling  Air  Force  Base 
Washington,  DC 


Deceiiiber  1984 


PREFACE 


» 


■ 


The  United  States  Air  Force  Summer  Faculty  Research  Program  (USAF-SFRP) 
is  a  program  designed  to  introduce  university,  college,  and  technical 
institute  faculty  members  to  Air  Force  research.  This  is  accomplished  by 
the  faculty  members  being  selected  on  a  nationally  advertised  competitive 
basis  for  a  ten-week  assignment  during  the  summer  intersession  period  to 
perform  research  at  Air  Force  laboratories/centers.  Each  assignment  is  in  a 
subject  area  and  at  an  Air  Force  facility  mutually  agreed  upon  by  the 
faculty  members  and  the  Air  Force.  In  addition  to  compensation,  travel  and 
cost  of  living  allowances  are  also  paid.  The  USAF-SFRP  is  sponsored  by  the 
Air  Force  Office  of  Scientific  Research,  Air  Force  Systems  Canmand,  United 
States  Air  Force,  and  is  conducted  by  the  Southeastern  Center  for  Electrical 
Engineering. 

The  specific  objectives  of  the  1984  USAF-SFRP  are: 

(1)  To  provide  a  productive  means  for  Scientists  and  Engineers  holding 
Ph.D.  degrees  to  participate  in  research  at  the  Air  Force  Weapons 
Laboratory; 

(2)  To  stimulate  continuing  professional  association  among  the 
Scholars  and  their  professional  peers  in  the  Air  Force; 

(3)  To  further  the  research  objectives  of  the  United  States  Air  Force; 

(4)  To  enhance  the  research  productivity  and  capabilities  of 
Scientists  and  Engineers  especially  as  these  relate  to  Air  Force 
technical  interests. 

During  the  summer  of  1984,  152  faculty  members  participated.  These 
researchers  were  assigned  to  25  USAF  laboratories/centers  across  the 
country.  This  three  volume  document  is  a  ccmpilation  of  the  final  reports 
written  by  the  assigned  faculty  members  about  their  summer  research 
efforts. 


i 


LIST  OF  PARTICIPANTS 


NAME/ADDRESS 

DEGREE,  SPECIALTY,  LABORATORY  ASSIGNED 

Dr.  Annalingam  Anandarajah 
Assistant  Professor 

S.D.  School  of  Mines  &  Tech. 
Civil  Engineering  Dept. 

Rapid  City,  SD  57701 
(605)  394-2443 

Degrees  Ph.D.,  Civil  Engineering 

1982 

Specialty:  Geotechnical  Engineering 
Assigned:  ESC 

Dr.  Gloria  Anderson 

Chairman 

Morris  Brown  College 

Chemistry  Dept. 

Atlanta,  GA  30314 
(404)  525-7831 

Degree:  Ph.D.,  Chemistry,  1968 

Specialty:  Organic  Chemistry 

Assigned:  RPL 

Or.  Richard  Anderson 

Professor 

University  of  Missouri 

Physics  Department 

Rolla,  MO  65401 
(314)  341-4341 

Degree:  Ph.D.,  Physics,  1959 

Specialty:  Optics,  Atomic  and  Molecular 
Physics 

Assigned:  APL 

Dr.  Deborah  Armstrong 

Assistant  Professor 

University  of  Texas 

Life  Sciences 

San  Antonio,  TX  78285 
(512)  691-4458 

Degree:  Ph.D.,  Biopsychology,  1982 

Specialty:  Neurophysiology 

Assigned:  SAM 

Dr.  Francesco  Bacchialoni 
Associate  Professor 

University  of  Lowell 

Dept,  of  Electrical  Eng. 

Lowell,  MA  01854 
(617)  452-5000 

Degree:  Ph.  D. ,  Engineering,  1946 

Specialty:  Control  Systems,  Digital 
Signal  Processing, 
Microprocessors 

Assigned :  GL 

Dr.  John  Bahng 

Associate  Professor 

Nortnwestern  University 

Dept,  of  Physics  &  Astronomy 
Evanston,  IL  60201 
(312)  492-7527 

Degree:  Ph.D.,  Astronomy,  1957 

Specialty:  Astoncmical  Instrumentation, 
Computer  Programming 
Assigned:  GL 

ii 


List  of  Participants  (continued:  page  2) 


Dr.  James  Baird 
Professor 
Brown  University 
Chemistry  &  Physics  Dept. 
Providence,  RI*02912 
(401)  863-3325 


Degree:  Ph.D.,  Physics,  1959 

Specialty:  Spectroscopy-laser, 
Microwave 
Assigned:  GL 


i 

f 


Dr.  Mukul  Banerjee 
Professor 

Meharry  Medical  College 
Dept,  of  Physiology 
Nashville,  TO  37208 
(615)  327-6288 


Degrees  Ph.D.,  Animal  Physiology, 
1964 

Specialty:  Respiratory  Physiology, 
Environmental  Physiology 
Assigned:  SAM 


Dr.  Alan  Bentley 
Assistant  Professor 
Eastern  Montana  College 
Dept,  of  Physics 
Billings,  MT  59101 
(406)  657-2026 

Dr.  Richard  Bernhard 
Professor 

North  Carolina  State  Univ. 
Industrial  Engr.  Dept. 
Raleigh,  NC  27695 
(919)  737-2362 

Dr.  Albert  Biggs 
Professor 

University  of  Kansas 
Electrical  Engr.  Dept. 
Lawrence,  XS  66045 
(913)  664-4836 

Dr.  Louis  Buckalew 
Associate  Professor 
Alabama  AiM  University 
Dept,  of  Psychology 
Normal,  AL  35762 
(205)  859-7451 

Mr.  Mike  Burlakoff 
Assistant  Professor 
Southwest  Mo.  State  Univ. 
Computer  Science  Dept. 
Springfield,  MO  65804 
(417)  836-5930 


De9tee:  Ph.D. ,  Infrared 

Astrophysics,  1980 
Specialty;  Infrared  Physics  and 
Astrophysics 
Assigned:  GL 


Degree:  Ph.D.,  Operations  Research 

1961 

Specialty:  Engineering  and  Managerial 
Economics;  Decision  Anai. 
Assigned:  BRMC 


Degree:  Ph.D.,  Electrical  Engr., 

1968 

Specialty:  Microwaves  and  Antennas 
Assigned:  AL 


Degree:  Ph.D.,  Phy3.  Psychology, 

1984 

Specialty:  Physiological  Psychology 
Assigned:  LMDC 


De3reg:  M.S. ,  Math/Oomputer  Science 

1965 

Specialty:  Languages  and  Environments 
Assigned:  AL 


List  of  Participants  (continued:  page  3) 


Dr.  Myron  Calhoun 

Associate  Professor 

Kansas  State  University 

Computer  Scienoa  Dept. 
Manhattan,  KS  66506 
(913)  532-6350 

Degree:  Ph.  D.,  Electrical  Engr., 

1967 

Specialty:  Digital  Hardware  and 
Software 

Assigned:  AD 

Dr.  Jeya  Chandra 

Assistant  Professor 

Pennsylvania  State  Univ. 

Dept,  of  Ind.  &  Mgmt.  Engr. 
University  Park,  PA  16802 
(814)  863-2358 

Degree:  Ph.  D. ,  Ind.  Eng.  and 

Operations  Rsch. ,  1980 
Specialty:  Stochastic  Processes 
Assigned:  SAM 

Dr.  Do  Chang 

Associate  Professor 

Averett  College 

Chemistry  Department 

Danville,  VA  24541 
(804)  793-781 1 

Degree:  Ph.  D.,  Chemistry,  1968 

Specialty:  Chemical  Kinetics,  Phase 
.  Transitions 

Assigned:  AD 

Dr.  Huei-huang  Chiu 

Professor 

University  of  Illinois 

Dept,  of  Mechanical  Engr. 
Chicago,  IL  60680 
(312)  996-3426 

Degree:  Ph.  D.,  Aeronautical  Enq., 

1962 

Specialty:  Combustion,  Fluid 

Mechanics,  and  Propulsion 
Assigned:  APL 

Dr.  Philip  Chong 

Assistant  Professor 

Dept,  of  Industrial  Engr. 

North  Dakota  State  Univ. 

Fargo,  ND  58105 
(701)  237-7223 

Degree:  Ph.  D. ,  Ind.  Eng.  and 

Operations  Rsch. ,  1977 
Specialty:  Computerized  Resource 

Planning  and  Scheduling 
Assigned:  LMC 

Dr.  Louis  Chow 

Assistant  Professor 

Washington  State  University 
Mechanical  Engr.  Dept. 

Pullman,  WA  99164 
(509)  335-1327 

Degree:  Ph.  D.,  Mechanical  Enqr., 

1978 

Specialty:  Heat  Transfer,  Fluid 
Dynamics 

Assigned:  APL 

Dr.  David  Chung 

Professor 

Howard  University 

Department  of  'Physics 

Degree:  Ph.  D.,  Solid  State 

Physics,  1966 

Specialty:  Fiber  Optics  Sensors  Ultra- 
sound.  Solid  State  Elect. 

Washington,  DC  20059  Assiqned:  FJSFL 

(202)  636-7903 


iv 


List  of  Participants  (continued:  page  4) 


Dr.  David  Cohoon 
Professor 
Temple  University 
Dept,  of  Mathematics 
Philadelphia,  PA  19122 
(215)  787-7284 

Dr.  Frank  Colby,  Jr. 
Assistant  Professor 
University  of  Lovell 
Dept,  of  Earth  Sciences 
Lowell,  NA  01854 
.  (617)  452-2551 

Dr.  ifebert  Colclaser,  Jr. 
Professor  &  Chairman 
University  of  Pittsburgh 
Electrical  Engineer 
Pittsburgh,  PA  15261 
(412)  624-5391 

Dr.  Gregory  Corso 
Assistant  Professor 
Georgia  Inst,  of  Tech. 

School  of  Psychology 
Atlanta,  GA  30332 
(404)  894-2680 

Dr.  Robert  Courter 
Associate  Professor 
Louisiana  State  University 
Mechanical  Engr.  Dept. 

Baton  Rouge,  LA  70803 
(504)  388-5792 

Dr.  John  Cyranski 
Assistant  Professor 
Clack  College 
Physics  Department 
Atlanta,  GA  30314 
(404)  681-3080 

Dr.  Subramaniam  Deivanayagam 
Associate  Professor 
University  of  Texas 
Dept,  of  Industrial  Engr. 
Arlington,  TX  76109 
(817)  273-3092 


Degree:  Ph.  D.,  Mathematics,  1969 

Specialty:  Partial  Differential 
Equations 
Assigned:  SAM 


Degree :  Ph.  D. ,  Meterology,  1983 

Specialty:  Boundary-layer 
,  Meteorology 

Assigned:  GL 


Degree:  Ph.  D. ,  Sci.,  Elec.  Engr., 

1968 

Specialty:  High  Power  Arcs,  Circuit 
Breaker  Design  and  Test, 
Electrical  Transients 
Assigned:  WL 


Degree:  Ph.  D.,  Engr.  Psychology, 

1978 

Specialty:  Human  Factors,  Human 
Performance 
Assigned:  AEDC 


Degree:  Ph.  D.,  Aerospace  Engr., 

1965 

Specialty:  Aerodynamics,  Gasdynamics, 
Blast  Waves 


Assigned:  AD 


Degree:  Ph.  D.,  Physics,  1974 

Specialty:  Math.  Physics  and 
Information  Theory 
Assianed:  GL 


Deqree:  Ph.  D.,  Industrial  Engr., 

1973 

Specialty:  Ergcncxnics/Human  Factors 
Assigned:  HRL/Vright- Patter son 


v 


Liflt  of  Participants  (continued:  page  5) 


Or.  Hermann  Donne rt 

Professor 

Kansas  State  University 

Dept,  of  Nuclear  Engr. 
Maiihattan,  KS  66506 
(913)  532-5960 

Degree:  Ph.  D. ,  Mathematics  and 

Physics,  1951 

Specialty:  Plasma  Physics,  Radiation 
Fhysics 

Assigned:  FJSRL 

Dr.  Robert  Dorman 

Assistant  Professor 

Kent  State  University 

Dept,  of  Biological  Sci. 

Kent,  CH  44242 
(216)  672-3613 

Degree:  Ph.  D.,  Physiological. 

Chemistry,  1976 

Specialty:  Neurochemistry 

Assigned:  SMI 

Dr.  George  Doyle,  Jr. 
Associate  Professor 
University  of  Dayton 
Mechanical  Engr.  Dept. 

Dayton,  OH  45469 
(513)  229-2835 

Degree;  Ph.  D.,  Mechanical  Engr., 

"  '  1973 

Specialty:  Dynamics 

Assigned:  r  PDL 

Dr.  Eric  Drum 

Assistant  Professor 
University  of  Tennessee 

Dept,  of  Civil  Engr. 
Knoxville,  IN  37996 
(615)  974-7715 

Degree;  Ph.  D.,  Civil  Engineering, 

1983 

Specialty:  Geotechnical  Engineering 
Assigned:  ESC 

Dr.  Charles  Drumond,  III 
Associate  Professor 

Ohio  State  University 

Dept,  of  Ceramic  Engr. 
Columbus,  OH  43210 
(614)  422-2960 

Degree:  Ph.  D. ,  Applied  Physics, 

'  1974 

Specialty:  Glass  Structure  and 
Properties 

Assigned:  ‘  ML 

Dr.  Delcie  Durham 

Assist  amt  Professor 

University  of  Vermont 

Civil  &  Mech.  Engr.  Dept. 
Burlington,  VT  05405 
(802)  656-3320 

Degree:  Ph.  D. ,  Mechanical  Engr., 

1981 

Specialty:  Metal  Behavior  at  High 

Strains  and  Strain  Rates 
Assigned:  ML 

1 

Dr.  Terrence  IXaan 

Associate  Professor 

The  CitaxJel 

Dept,  of  Elect.  Engr. 
Charleston,  SC  29409 
(803)  792-5057 

Degree:  Ph.  D.,  Elecrical  Engr. 

",  1975 

Specialty:  Large  Scale  Systems, 
Modelling,  Controls 
Assigned:  AD 

vi 


V*>  •  - -vV'v  :•-/>> -> •>;, ;Sy*y  >>''• 

•  “  .V  WV.-.V  *.»**  »*A  fc"1,  ^  >**  ■  «  *  .'*  >"*  V_.V  P,  "*'^y *“■  rV_ 


List  of  Pa 


:s  (continued:  page  6) 


Dr.  Franklin  Eastep 
Professor 

University  of  Dayton 
Dept,  of  Aerospace  Engr. 

Dayton,  OH  45469 
(513)  229-2241 

Dr.  James  Eberhart 
Professor 

University  of  Colorado 
Chemistry  Department 
Colorado  Springs,,  CO  80933 
(303)  593-3284 

Dr.  Frederick  Eisler 
Associate  Professor 
College  of  Staten  Island 
Dept,  of  Applied  Science 
Staten  Island,  NY  10301 
(212)  390-7973 

Dr.  Elrory  Enscore,  Jr. 

Associate  Professor 
Penn.  State  University 
Dept,  of  Ind.  &  Mgmt.  Syst.  Eng. 
University  Park,  PA  16802 
(814)  863-2353 

Dr.  John  Erdei 
Assistant  Professor 
University  of  Dayton 
Dept,  of  Physics 
Dayton,  OH  45469 
(513)  229-2727 

Dr.  Adly  Fam 

Associate  Professor 

State  University  of  New  York 

Dept,  of  Electrical  &  Ccmp.  Eng. 

Buffalo,  NY  14260 

(716)  636-2422 


Degree:  Ph.  D. ,  Aeronautics,  1968 

Specialty:  Aeroelasticity 
Assigned:  FDL 


Degree:  Ph.  D. ,  Chemistry,  1963 

Specialty:  Physical  and  Surface 
Chemistry 
Assigned:  FJSRL 


Degree:  Ph.  D. ,  Physics,  1970 

Specialty:  Particle  Physics, 

Holography,  Accelerators 
Assigned:  WL 


Degree:  Ph.  D.,  Ind.  Engr.,  1972 

Specialty:  Industrial  Engineering 
Assigned:  HRL/Wright-Patterson 


Degree:  Ph.  D.,  Physics,  1983 

Specialty:  Marry  Body  Theory,  Critical 
Phenomena 
Assigned:  APL 


Ph.  D.,  Electrical  Engr., 
1977 

Digital  Signal  Processing 
and  System  Theory 
RADC 


Dr.  Bruce  R.  Feiring  Degree;  Ph.  D.,  Industrial  Engr., 

Assistant  Professor  1979 

University  of  Minnesota  Specialty:  Optimization 

Dept,  of  Mgmt.  Sciences  Assigned;  HRL/Brooks 

Minneapolis,  MN  55455 

(612)  376-1376 


List  of  Participants  (continued:  page  7) 


Dr.  William  Feld 
Associate  Professor 
Wright  State  University 
Dept,  of  Chemistry 
Dayton,  OH  45435 
(513)  873-2511 

Dr.  Dennis  Flentge 
Assistant  Professor 
Cedarville  College 
Dept,  of  Math/Sci. 

Cedarville,  OH  45314 
(513)  766-2211 

Dr.  Cynthia  Ford 
Assistant  Professor 
Jackson  State  University 
Psychology  Department 
Jackson,  MS  39217 

(601)  968-2371 

Dr.  Eddie  Fowler 
Associate  Professor 
Kansas  State  University 
Electrical  Engr.  Dept. 
Manhattan,  KS  66056 
(913)  532-5600 

Dr.  Basil  Gala 
Professor 

California  State  University 
Division  of  Engineering 
Chico,  CA  95929 
(916)  895-5374 

Dr.  Barry  Ganapol 
Associate  Professor 
University  of  Arizona 
Dept,  of  Nuclear  &  Energy  Engr. 
Tucson,  AZ  85721 

(602)  621-4728 

Dr.  David  Gilliam 
Assistant  Professor 
Texas  Tech.  University 
Dept,  of  Mathematics 
Lubbock,  TX  79409 
(806)  742-2566 


Degree:  Ph.  D.,  Chemistry,  1971 

Specialty:  Organic  Chemistry 
Assigned:  ML 


Degree:  Ph.  D.,  Physical  Chemistry, 

1974 

Specialty:  Catalysis,  IR  Spectroscopy 
Assigned:  APL 


Degree:  Ph.  D.,  Educ.  Psychology, 

1979 

Specialty:  General  Psychology, 
Statistics 
Assigned:  HRL/B rooks 


Ph.  D.,  Elec.  Eng.,  1969 
C3I  Modeling  and  Sim¬ 
ulation  Nuclear  Degrad¬ 
ation  of  Oonm.  Networks 
WL 


Degree:  Ph.  D.,  Electrical  Engr., 

1973 

Specialty:  Computers-Pattern 
Recognition 
Assigned:  RACC 


Degree:  Ph.  D.,  Nuclear  Science, 

1971 

Specialty:  Particle  Transport  Theory 
Assigned:  RADC 


Ph.  D.,  Mathematics,  1977 
Applied  Partial 
~  Differential  Equations 
:  RADC 


viii 


i'  r*  « 

*>.  vv 


List  of  Participants  (continued:  page  8) 


Dr.  Larry  Glasgow 
Assistant  Professor 
Kansas  State  University 
Chemical  Engr.  Dept. 

Manhattan,  KS  66506 
(913)  532-5585 

Dr.  Sallie  Gordon 
Assistant  Professor 
Wright  State  University 
Dept,  of  Psychology 
Dayton,  OH  45435 
(513)  873-2391 

Dr.  Thomas  Graham 
Professor 

University  of  Dayton 
Physics  Dept. 

Dayton,  OH  45469 
(513)  229-2329 

Dr.  Edward  Greco,  Jr. 

Assistant  Professor 
University  of  Miami 
Biomedical  Engr.  Dept. 

Coral  Gables,  FL  33124 
(305)  284-2442 

Dr.  Ronald  Greene 
Associate  Professor 
University  of  New  Orleans 
Physics  Deptartment 
New  Orleans,  LA  70148 
(504)  286-6714 

Dr.  Paul  Griesacker 
Associate  Professor 
Gannon  University 
Deptartment  of  Physics 
Erie,  PA  16541 
(814)  871-7649 

Dr.  Thomas  Gulledge,  Jr. 
Assistant  Professor 
Louisiana  State  University 
Dept,  of  Quantitative  Bus.  Anal. 
Baton  Rouge,  LA  70803 
(504)  388-2126 


Degree:  Ph.  D.,  Chemical  Engr., 

1977 

Specialty:  Fluid  Mechanics,  Transport 
Phenomena,  Laser-Doppler 
Velocity 
Assigned:  FJSRL 

Degree:  Ph.  D. ,  Psychology,  1982 

Specialty:  Social/Cognitive 
Psychology 

Assigned:  HRL/Wright- Patterson 


Degree:  Ph.  D.,  Physics,  1967 

Specialty:  Solid  State/Surf ace 
Physics/  Magnetic 
Resonance 
Assignea :  ML 


Degree:  Ph.  D.,  Elec./teioengr., 

1976 

Specialty:  Digital  Signal  Processing, 
Biosystem  Analysis  and 
Ventilatory  Control 
Assigned:  SAM 

Degree:  Ph.  D. ,  Physics,  1974 

Specialty:  Plasma  Spectroscopy 
Assigned:  AL 


Degree;  Ph.  D.,  Physics,  1963 
Specialty:  Physical  Optics,  Coherent 
Radiation 
Assigned:  AL 


Degree:  Ph.  D.,  Eng.  Mgmt.,  1981 

Specialty:  Management  Science 
Assigned:  BRMC 


9. 


ix 


y 


■  u  >  /  »  m 


8 

r- 

X*. 

ft 

f-*. 

I 


List  of  Participants  {continued:  page  9) 


Dr.  Vijay  Gupta 
Associate  Professor 
Centred.  State  University 
Chemistry  Department 
Wilberforce,  OH  45384 
(513)  376-6423 

Dr.  Hendrik  Hameka 
Professor 

University  of  Pennsylvania 
Chemistry  Dept. 
Philadelphia,  PA  19104 
(215)  898-8303 


Degree:  Ph.  D.,  Chemistry,  1969 

Specialty:  Physical  Chemistry 
Assigned:  ML 


Degree:  Ph.  D.,  Theoretical  Chem. , 

,  1956 

Specialty:  Quantum  Chemistry, 

Theoretical  Chemistry 
Assigned:  FJSRL 


h 

K 


Dr.  Arthur  Harriman 
Professor 

Oklahoma  State  University 
Dept,  of  Psychology 
Stillwater,  OK  74078 
(405)  624-6561 

Dr.  Doyle  Hasty 

Assistant  Professor 

Mot low  State  Community  College 

Dept,  of  Engineering 

TUllahcma,  TN  37388 

(615)  455-8511 

Dr.  Albert  Havener 
Assistant  Professor 
University  of  Dayton 
Dept,  of  Mechanical  Engr. 
Dayton,  OH  45469 
(513)  229-2835 

Dr.  Peter  Hierl 
Professor 
Kansas  University 
Chemistry  Department 
Lawrence,  KS  66045 
(913)  864-3019 


Degree:  Ph.  D.,  Exp.  Psychology, 

1952 

Specialty:  Physiological  Psychology 
Assigned:  HRL/Williams 


Degree:  M.S.,  Engineering  Admn. , 

1974 

Specialty:  Electronics,  Physics, 

Instrumentation,  Computers , 
High-altitude  Engine  Test. 
Assigned:  AEDC 

Degree:  Ph.  D. ,  Aerospace  Ehgr., 

1983 

Specialty:  Applied  Aero  Cptical 
Measuring  Techniques 
Assigned:  FDL 


Degree:  Ph.  D. ,  Physical  Chemistry 

1964 

Specialty:  Gas-phase  Kinetics 
Assigned:  GL 


U 


Dr.  Paul  Hoffman 
Assistant  Professor 
Villanova  University 
Dept,  of  Civil  Engineering 
Villanova,  PA  19085 
(215)  645-4960 


Degree:  Ph.  D.,  Civil  Engineering 

1982 

Specialty:  Structural  Ehg.  and  Solid 
Mechanics 
Assigned:  ESC 


x 


I 


Ml 


List  of  Participants  (continued:  page  10) 


1 


/ 


.  .1 


M 


t 


t 


a 


/ 

'  ( 


m 


a 


Dr.  Brian  Holmes 

Assistant  Professor 

San  Jose  State  University 

Dept,  of  Physics 

San  Jose,  CA  95912 
(408)  277-2361 

Degree:  Ph.  D.,  Physics,  1980 

Specialty:  Solid  State/t/aw 

Temperature;  Magnetic 
Resonance 

Assigned:  RADC 

Dr.  Gwendolyn  Howze 

Associate  Professor 

Texas  Southern  University 

Dept,  of  Biology 

Houston,  TX  77004 
(713)  527-7005 

Degree:  Ph.  D.,  Molecular  Bioloqy, 

1974 

Specialty:  Cell  Biology/Chranatin , 
Electron  Microscopy, 

Tissue  Cult 

Assigned:  AMRL 

Dr.  Chen-Chi  Hsu 

Professor 

University  of  Florida 

Dept,  of  Engineering  Sci. 
Gainesville,  FL  32611 
(904)  392-0961 

Deqree:  Ph.  D.,  Enq.  Mech.,  1965 

Specialty:  Applied  Mechanics, 

Computational  Aerodynamics 
Assigned:  AD 

Dr.  Mario  Innocenti 

Assistant  Professor 

Auburn  University 

Aerospace  Engr.  Dept. 

Auburn,  AL  36849 
(205)  326-4874 

Deqree:  Ph.  D.,  Aeronautics 

Astronautics,  1983 
Specialty:  Fliqht  Dynamics  Handling 
Qualities  Optimal  Control 
Assigned :  FDL 

Dr.  Xakkattukuzhy  Isaac 
Assistant  Professor 

University  of  Missouri 

Dept,  of  Mech.  &  Aero.  Engr. 
Rolla,  MD  65401 
(314)  341-4626 

Degree:  Ph.  D. ,  Aerospace  Enq., 

1982 

Specialty:  Fluid  Mechanics 

Assigned:  APL 

Dr.  Rabert  Jackson,  Jr. 
Assistant  Professor 

University  of  Massachusetts 

Dept,  of  Elec.  &  Ccmp.  Engr. 
Amherst,  MA  01003 
(413)  545-1386 

Degree:  Ph.  D.,  Elec.  Eng.,  1982 

Specialty:  Electromagnetics,  Active 
Devices  for  Microwave  and 
Millimeter  Wave  Integrated 
Circuits 

Assigned:  RADC 

Dr.  Vinod  Jain 

Assistant  Professor 

University  of  Dayton 

Dept,  of  Mechanical  Engr. 

Dayton,  OH  45469 
(513)  229-2835 

Degree:  Ph.  D.,  Mech.  ESrq.,  1980 

Specialty:  Materials  and  Manufactor- 
ing.  Design,  and  Tri¬ 
biology 

Assigned:  ML 

xi 


.11*. 


u  *■  \i  •  » 


h  P  .  •  r  W  •  >  *■  •  "rf  *  *  •  *  *-  *  J»  ”  •  *  K 


J*  1  .* 


List  of  Participants  (continued:  page  11) 


Dr.  Bruce  Janson 
Assistant  Professor 
Carnegie  Mellon  University 
Dept,  of  Civil  Engr. 

Pittsburgh,  PA  15213 
(412)  578-3866 

Dr.  Charles  Jones 
Associate  Professor 
North  Carolina  Central 
Dept,  of  Physics 
Durham,  NC  27707 
(919)  684-6452 

Dr.  Walter  Jones 
Assistant  Professor 
University  of  Tennessee 
Dept,  of  Engr.  Sci.  Mech. 
Knoxville,  TO  37996 
(615)  974-7684 

Dr.  ftooert  Kallman 
Professor 

North  Texas  State  University 
Dept,  of  Mathematics 
Denton,  TX  76203 
(817)  565-2155 

Dr.  William  Kane,  Jr. 

Associate  Professor 
Western  Carolina  University 
Management  Dept. 

Cullowhee,  NC  28723 
(704)  227-7401 

Dr.  Yong  Kim 
Instructor 

McNeese  State  University 
Civil  &  Mechanical  Engr.  Dept. 
Lake  Charles,  LA  70609 
(318)  477-2520 

Dr.  Ronald  Kline 

Assistant  Professor 

University  of  Oklahoma 

School  of  Aero.  Mech.,  &  Nuc.  Eng. 

Norman,  OK  73019 

(405)  325-5011 


Degree:  Ph.  D.,  Civil  Eng.,  1981 

Specialty:  Engineering  Planning  and 
Management 
Assigned;  WC 


Degree;  Ph.  D.,  Physics,  1977 
Specialty:  Lasers  and  their 

Applications,  Optics, 
Electro-Optics 
Assigned:  AD 


Degree:  Ph.  D.,  Engr.  Mechanics, 

1982 

Specialty:  Mechanical  Behavior  of 
Composite  Materials 
Assigned;  FDL 


Degree:  Ph.  D.,  Mathematics,  1968 

Specialty:  Analysis 
Assigned:  AD 


Degree:  Ph.  D.,  Organ.  Behavior, 

1977 

Speciality:  Organizational  Behavior- 
Strategic  Management 
Assigned:  HRL/Wright-Patterson 


Degree:  Ph.  D. ,  Civil  Engineering 

1984 

Specialty;  Geotechnical  Engineering 
Assigned:  ESC 


Degree:  Ph.  D. ,  Mech,  and  Material 

Sci.,  1978 

Specialty:  Nondestructive  Testing, 
Mechanics  of  Composite 
Materials 
Assignee;  ML 


xii 


W*.  m'  w- 


:  •*.  /,  «v 


•  W  . 


-V 


List  of  Participants  (continued:  page  12) 


Dr.  Kent  Knaebel 
Assistant  Professor 
Ohio  State  University 
Chemical  Engineering  Dept. 
Columbus,  OH  43210 
(614)  422-2508 

Dr.  David  Kohfeld 
Professor 

Southern  Illinois  University 
Dept,  of  Psychology 
Edwardsville,  IL  62006 
(618)  692-2582 

Dr.  Gabriel  Kojoian 
Associate  Professor 
University  of  Wisconsin 
Dept,  of  Physics/Astronomy 
Eau  Claire,  WI  54701 
(715)  836-3148 

Dr.  Arthur  Kovitc  . . 

Professor 

Northwestern  University 
Mechanical  Engr.  Dept. 
Evanston,  IL  60201 
(312)  492-7066 

Dr.  Madakasira  Krishna 
Associate  Professor 
South  Carolina  State  College 
Dept,  of  Math.  s>  Comp.  Sci. 
Orangeburg,  SC  29117 
(803)  536-7121 

Dr.  Raj  Krishnan 
Associate  Professor 
North  Texas  State  University 
Physics  Dept. 

Denton,  TX  76203 
(817)  565-3284 

Dr.  William  Kyras 
Associate  Professor 
University  of  Lowell 
Mechanical  Eng.  Dept. 

Lowell,  MA  01854 
(617)  452-5000 


Degree:  Ph.  D.,  Chemical  Engr., 

1980 

Specialty:  Adsorption,  Ion-exchange, 
Separations 
Assigned:  SAM 


Degree:  Ph.  D.,  Exper.  Psychology, 

1966 

Specialty:  Methods  of  Psychological 
Inquiry 

Assigned;  HRL/Williams 


Degree;  Ph.  D.,  Physics,  1966 
Specialty:  Radio  Astronomy 
Assigned:  GL 


Degree:  Ph.  D.,  Aero  Eng.,  1957 

Specialty:  Fluid  Mechanics 
Assigned:  WL 


Degree:  Ph.  D.,  Applied  Math., 

1974 

Specialty:  Computational  Fluid 
Dynamics 
Assigned :  AEDC 


Degree:  Ph.  D.,  Physics,  1966 

Specialty:  Nuclear  Physics,  Solid 
State  Physics 
Assigned:  SAM 


Degree:  Ph.  D.,  education,  1980 

Specialty:  Mechanical  Behavior  of 
Materials 
Assigned:  ML 


xiii 


List  of  Participants  (continued:  page  13) 


Dr.  David  Lai 
Professor 

University  of  Vermont 
Electrical  Engr.  &  Cc»np.  Sci. 
Burlington,  VT  05405 
(802)  656-3330 

Dr.  Charles  Lardent,  Jr. 

Associate  Professor 
Auburn  University 
Dept,  of  Management 
Montgomery,  AL  36117 
(205)  271-9478 

Dr.  Nabil  Lawandy 
Assistant  Professor 
Brown  University 
Engineering  Dept. 

Providence,  RI  02912 
(401)  863-2755 

Dr.  E.  Miller  Layton,  Jr. 

Assoc.  Professor 
Sterling  College 

Dept,  of  Chemistry  &  Applied  Math. 
Sterling,  KS  67579 
(316)  278-2173 

Dr.  Evelyn  Leggette 

Associate  Professor 

Jackson  State  University 

Dept,  of  Elem. /Early  Child/Reading 

Jackson,  MS  39217 

(601)  968-2186 

Dr.  Meng  Liou 
Associate  Professor 
University  of  Michigan 
Aerospace  Engr.  Dept. 

Ann  Arbor,  MI  48104 
(313)  764-3310 

Dr.  David  Lohman 
Assistant  Professor 
University  of  Iowa 
College  of  Education 
Iowa  City,  IA 
(319)  353-5961 


Degree:  ?h.  D.,  Elec.  Eng.,  1960 

Specialty:  Signal  Processing,  Radar 
Signal  Processing,  Image 
Processing 
Assigned:  RADC 


Deqree:  Ph.  D.,  Organ.  Behavior, 

1979 

Specialty:  Leadership,  Motivation, 
and  Psychometric 
Assessment 
Assigned:  UiDC 

Deqree:  Ph .  D. ,  Chem.  Physics, 

1980 

Specialty:  Lasers,  Spectroscopy, 

Lasers  Atom  Interactions 
Assigned:  GL 


Deqree:  Ph.  D.,  Chem.  Physics, 

1962 

Specialty:  Molecular  Spectroscopy, 
Theoretical  Molecular 
Calculations 

Assigned:  RPL 

Degree:  Ph.  D.,  Curriculum  and 

Inst.,  1976 

Specialty:  Reading  Ed.,  Dev.  Ed., 
Prog.  Dev.  and 
Implementation  Curriculum 

Assigned:  LMC 

Deqree:  Ph.  D.,  Aerospace  Eng., 

1977 

Specialty:  Computational  Fluid 

Dynamics,  Gas  Dynamics, 
Unsteady  Flow 

Assigned;  FDL 

Degree:  Ph.  D.,  Bduc.  Psychology, 

1979 

Specialty:  Information  Processing 

Theories  of  Aptitude  for 
Learning 

Assigned;  HRL/Brooks 


xiv 


List  of  Participants  (continued:  page  14) 


1 


Dr.  Lonnie  Ludeman 
Professor 

New  Mexico  State  University 
Dept,  of  Elect.  &  Comp.  Engr. 
Las  Cruces,  NM  88003 
(505)  646-1321 

Dr.  Larry  Ludwick 
Professor 

Tuskegee  Institute 
Dept,  of  Chemistry 
Tuskegee  Institute,  AL  36088 
(205)  727-8836 

Dr.  Robert  MacCallum 
Associate  Professor 
Onio  State  University 
Psychology  Dept. 

Columbus,  OH  43210 
(614)  422-1030 

Dr.  William  McCormick 
Associate  Professor 
Wright  State  University 
Dept,  of  Electrical  Engr. 
Daycon,  OH  45435 
(513)  873-2849 

Dr.  Odis  McDuff 
Professor 

University  of  Alabama 
Dept,  of  Electrical  Engr. 
University,  AL  35486 
(205)  348-6351 


Degree:  Ph.  D.,  Elec.  Eng.,  1968 

Specialty:  Digital  Signal  Processing, 
Statistical  Communication 
Theory 

Assigned:  RADC 


Degree:  Ph.  D.,  Inorganic  Chem. , 

1969 

Specialty:  Transition  Metal  Chem. , 
Siloxane  Polymers 
Assigned;  ML 


Degree:  Ph.  D. ,  Psychology,  1974 

Specialty:  Quantitive  Psychology 
Assigned:  ArtRL 


Degree:  Ph.  D.,  Electrical  Engr. 

1967 

Specialty:  Radar,  Communications  and 
Electromagnetics 
Assigned :  AL 


Degree:  Ph.  D.,  Electrical  Engr., 

1966 

Specialty:  Lasers  and  Optics, 
Electromagnetics 
Assigned:  SAM 


Dr.  Bernard  McIntyre 
Associate  Professor 
University  of  Houston 
Electronics  Dept. 
Houston,  TX  77004 
(713)  749-4753 

Dr.  Richard  Miers 
Associate  Professor 
Indiana  University 
Department  of  Physics 
Fort  Wayne,  IN  46805 
(219)  482-5693 


Degree:  Ph.  D.,  Solid  State 

Physics,  1970 

Specialty:  Diamagnetism  in  Metals 
Assigned:  GL 


Degree:  Ph.  D.,  Atomic  Physics, 

1970 

Specialty;  Atom  Physics 
Assigned:  APL 


xv 


■-w:\ 


List  of  Participants  (continued:  page  15) 


k 

i 


i 


r. 


v 

% 

ft 


$ 


i 


Dr.  John  Minor 
Assistant  professor 
University  of  Oklahoma 
Elect.  Engr.  s.  Comp.  Sci.  Dept. 
Norman,  CK  73069 
(405)  325-4721 

Dr.  Charles  Mitchell 
Professor 

Colorado  State  University 
Dept,  of  Mechanical  Engr. 

Fort  Collins,  CD  80523 
(303)  491-6558 

Dr.  Don  Mittleman 
Professor 
Ooerlin  College 
Dept,  of  Mathematics 
Ooerlin,  OH  44074 
(216)  775-8385 

Dr.  Dale  Moses 

Associate  Professor 

San  Diego  State  University 

Aerospace  &  Meehan.  Engr.  Dept. 

San  Diego,  CA  92182 

(619)  265-5764 

Dr.  Kevin  Mossholder 
Associate  Professor 
Auoum  University 
Management  Department 
Auburn,  AL  36849 
(205)  826-4071 

Dr.  James  Mrotek 
Associate  Professor 
Meharry  Medical  College 
Dept,  of  Physiology 
Nashville,  TN  37208 
(615)  327-6979 

Dr.  Richard  Murphy 
Professor 

University  of  Missouri 
Department  of  Physics 
Kansas  City,  M)  64110 
(816)  276-1604 


Degree:  Ph.  D.,  Computer  Science, 

1979 

Specialty:  Artif ical  Intelligence 
Assigned:  RADC 


Degree: 

Specialty: 

Assigned: 


Ph.  D. ,  Aerospace  and 
Mechanical  Science,  1967 
Combustion  Instability, 
Combustion,  Gas  Dynamics 
RPL 


Degree:  Ph.  D.,  Mathematics,  1951 
Specialty:  Geometry,  Analysis,  Mech. 
Assigned:  FDL 


Degree:  Ph.  D.,  Aerospace  Engr., 

1981 

Specialty:  Wind  Tunnel  Testing, 
Aerodynamics 
Assigned:  FDL 


Degree;  Ph.  D.,  Ind./Organ. 

Psychology,  1978 

Specialty:  I/O  Topics:  Organizational 
Behavior,  Human  Resources 
Mgmt. 

Assigned:  IMDC 

Degree:  Ph.  D.,  Biology,  1973 

Specialty:  Endocrine  Cell 

Intracellular  Exchanges 
Assigned:  SAM 


Degree:  Ph.  D.,  Physics,  1968 

Specialty:  Statistical  Mechanics; 

Theory  of  Liquids  and 
Solids 
Assigned:  FJSRL 


( 


xvi 


4 

f! 

/f/  v 
y/liJnVVv'v''  * 


wW  -A  \ 


•  *  V  •  *  *  *  *  v  -  »  *  .  *  k  « , 

^  •.*  o  O  *.•  •  v*  .* 


List  of  Participants  {continued:  page  16) 


Dr.  Lena  Myers 
Professor 

Jackson  State  University 
Department  of  Sociology 
Jackson,  MS  39217 
(601)  968-2591 

Dr.  Datta  Naik 
Chairman  &  Assoc.  Professor 
Monmouth  College 
Dept,  of  Chemistry 
West  Long  Branch,  NJ  07764 
(201)  222-6600 

Dr.  Stephan  Nix 
Assistant  Professor 
Syracuse  University 
Dept,  of  Civil  Engr. 

Syracuse,  NY  13210 
(315)  423-2311 

Dr.  William  Norton 
Associate  Professor 
Southeastern  La.  University 
Biology  Department 
Hammond,  LA  70402 
(504)  549-2173 

Dr.  Kendall  Nygard 
Associate  Professor 
North  Dakota  State  University 
Dept,  of  Mathematical  Sci. 
Fargo,  ND  58103 
(701)  237-8178 


Degree:  Ph.  D.,  Sociology,  1973 

Specialty;  Social  Psychology 
Assigned:  SAM 


Degree:  Ph.  D.,  Chemistry,  1972 

Specialty:  Analytical/Inorganic 
Chemistry 
Assigned:  ESC 


Degree:  Ph.  D.,  Environmental  Ena., 

1982 

Specialty:  Environmental  Resources 
Mgmt. ,  Operations  Rsch., 
Economics,  Hydrology 
Assigned:  OEHL 

Degree:  Ph.  D. ,  Cell  Biology,  1975 

Specialty:  Cytopathology,  Cellular 
Ultrastructure 
Assigned:  AMRL 


Degree:  Ph.  D. ,  Qper.  Rsch.,  1978 

Specialty:  Optimization,  Simulation 
Modeling,  Computer 
Graphics 
Assigned:  LC 


Dr.  Robert  O'Connell 

Assistant  Professor 

University  of  Missouri 

Dept,  of  Electrical  &  Comp.  Eng. 

Columbia,  MO  65211 

(314)  882-8373 


Degree:  Ph.  D.,  Elec.  Eng.,  1975 

Sp>k:ialty:  Physical  and  Quantum 

Electronics,  and  Applied 
Optics 
Assigned:  FJSRL 


Dr.  William  Pardo 
Associate  Professor 
University  of  Miami 
Physics  Department 
Coral  Gables,  FL  33124 
(305)  284-2323 


Degree:  Ph.  D.,  Physics,  1957 

Specialty:  Experimental  Plasma 
Physics 
Assigned:  AD 


xvii 


■l4fc 


List  of 


ts  (continued:  page  17) 


Or.  Martin  Patt 
Associate  Professor 
University  of  Lowell 
Department  of  Elect.  Engr. 
Lowell,  MS  01854 
(617)  452-5000 

Dr.  James  Patterson 
Professor 

S.D.  School  of  Mines  /Tech. 
Physics  Dept. 

Rapid  City,  SD  57701 
(605)  394-2361 

Dr.  M.  Carr  Payne,  Jr. 
Professor 

Georgia  Inst,  of  Tech. 

Dept,  of  Psychology 
Atlanta,  GA  30332 
(404)  894-2681 

Dr.  William  Perrizo 
Associate  Professor 
North  Dakota  State  University 
Dept,  of  Computer  Science 
Fargo,  ND  58105 
(701)  237-7248 

Dr.  Boake  Plessy 
Professor 

Dillard  University 
Chemistry  Department 
New  Orleans,  LA  70122 
(504)  283-8822 

Dr.  Kuldip  Rattan 
Associate  Professor 
Wright  State  University 
Dept,  of  Systems  Eng. 

Dayton,  OH  45435 
(513)  873-2403 

Dr.  Hemen  Ray 

Assistant  Professor 

N.  C.  Argic.  &  Tech.  St.  Univ. 

Dept,  of  Mechanical  Engr. 

Greensboro,  NC  27411 

(919)  379-7621 


Degree:  M.S.,  Electrical  Engr., 

1964 

Special ty:  Computer  Science 
Assigned :  GL 


Degree:  Ph.  D. ,  Physics,  1962 

Specialty:  Theoretical  Solid  State 
Physics 
Assigned:  AL 


ree:  Ph.  D.,  Psychology,  1951 

clalty:  Experimental  Psychology, 
Psychoacoustics,  Eng.  Psy. 
igned:  AEDC 


Degree:  Ph.  D.,  Dynamical  Systems, 

1972 

Specialty:  Distributed  Database 
Systems 
Assigned:  ESD 


Degree:  Ph.  D.,  Physical  Chem. , 

1974 

Specialty:  Polymers  and  Biopolymers, 
Analytical  Chemistry 
Assigned:  SAM 


Degree:  Ph.  D. ,  Electrical  Engr., 

1975 

Specialty:  Digital  Control  Systems 
Assigned:  FDL 


Degree:  Ph.  D.,  Eng.  Mech.,  1979 

Specialty:  Advanced  Composites 
Assigned:  FDL 


,-V\ 

V*.  ‘v‘- 


.*-'.** -v-v-  .w.-,-  »*•  .-v 


xviii 


List  of  Participants  (continued:  page  18) 


Dr.  Larry  Reeker 
Professor 
Tulane  University 
Computer  Science  Dept. 

New  Orleans,  L*  70118 
(504)  865-5840 

Dr.  David  Reynolds 
Assistant  Professor 
Wright  State  University 
Dept.,  of  Engineering 
Dayton,  CH  45435 
(513)  873-2403 

Dr.  Joseph  Saliba 
Assistant  Professor 
University  of  Dayton 
Civil  Engr.  Dept. 

Dayton,  OH  45469 
(513)  299-3847 

Dr.  Walter  Salters 
Associate  Professor 
South  Carolina  State  College 
Dept,  of  Natural  Science 
Oranoeburg,  SC  29115 
(803)  536-7114 

Dr.  Lowell  Schipper 
Professor 

Bowling  Green  State  University 
Dept,  of  Psychology 
Bowling  Green,  OH  43403 
(419)  372-2556 

Dr.  Robert  Schlegei 
Assistant  Professor 
University  of  Oklahoma 
Dept,  of  Industrial  Engr. 
Norman,  OK  73019 
(405)  325-3721 

Dr.  Howard  Schleier 
Department  Chairman 
Norwalk  State  Tech.  College 
Department  of  Chemistry 
Norwalk,  CT  06854 
(203)  838-0601 


Degree:  Ph.  D. ,  Carp.  Sci.,  1974 

Specialty:  Computational  Linguistics, 
Programming  Languages, 
Computer-aided 
Assigned:  HRL/Lowrv 


Degree:  Ph.  D.,  Bicmedical  Eng., 

*>)  1978 

Specialty:  Pulmonary  Mechanics, 
Biofluid  Mechanics 
Assigned:  AMRL 


Degree:  Ph.  D.,  Solid  Mechanics, 

1983 

Specialty:  Structures 
Assigned:  AMRL 


Degree:  Fh.  D. ,  Cell  Biology,  1976 
Specialty:  Cell  and  Molecular  Biology 
Assigned:  SAM 


Degree:  Ph.  D. ,  Psychology,  1953 
Specialty:  Statistics,  Measurement 
Assigned:  HRI/Williams 


Degree:  Ph.  D. ,  Ind.  Ehg.,  1980 

Specialty:  Hunan  Factors  Engineering/ 
Ergonomics 
Assigned:  AMRL 


Degree:  M.S.,  Chasm.  Ehg.,  1962 

Specialty:  Fluid  Mechanics,  Heat  and 
Mass  Transfer, 
Ihermodynamics 
Assigned:  RPL 


List  of  Participants  (continued:  page  19) 


Dr.  James  Schneider 
Professor 

University  of  Dayto^ 

Physics  Department 
Dayton,  OH  45469 
(513)  229-2727 

Dr.  Gordon  Schrank 
Associate  Professor 
St.  Cloud  State  University 
Dept,  of  Biological  Sciences 
St.  Cloud,  M*  56301 
(612)  255-2036 

Dr.  Keith  Seitter 
Assistant  Professor 
University  of  Lowell 
Dept,  of  Earth  Sciences 
Lowell,  MA  01954 
(617)  452-5000 

Dr.  Paavo  Sepri 
Associate  Professor 
University  of  Oklahoma 
Nuclear  Engr.  Dept. 

Norman,  OK  73019 
(405)  325-5011 

Dr.  Robert  Shaw 
Professor 

University  of  Connecticut 
Dept,  of  Psychology 
Storrs,  CT  06268 
(203)  486-4107 

Dr,  John  Sheldon 
Professor 

Florida  International  Univ. 
Dept,  of  Physical  Sci. 

Miami,  FL  33199 
(305)  554-2608 

Dr.  Harold  Sorensen 
Associate  Professor 
Washington  State  University 
Dept,  of  Civil  6  Env.  Engr. 
Pullman,  Vft  99164 
(509)  335-5183 


Degree:  Ph.  D. ,  Physics,  1965 

Specialty:  Solid  State  Physics 
Assigned:  ML 


Degree:  Ph.  D.,  Med.  Microbiology, 

1974 

Specialty:  Electron  Micros copy 
Assigned:  SAM 


Degree:  Ph.  D.,  Geophysical  Sci., 

1982 

Specialty:  Dynamic  Meteorology 
Assigned;  GL 


Degree:  Ph.  D. ,  Engr.  Science 

1971 

Specialty:  Fluid  Mechanics  and  Heat 
Transfer 
Assigned:  APL 


Degree:  Ph.  D.,  Psychology,  1965 

Specialty:  Percept icn/Cognition/Hath. 

Models/Growth  Simulation 
Models 

Assigned:  AMRL 


Degree:  Ph.  D.,  Engineering, 

1964 

Specialty:  Chemical  Kinetics 
Assigned:  AD 


Degree:  Ph.  D. ,  Engineering  Mech., 

1966 

Specialty:  Structured.  Mechanics 
Assigned:  WL 


.%  .-.v.  .v-wss  .asatfcW.vC-. v-*.v  v.->  . 


xx 


List  of  Participants  (continued:  page  20) 


Dr.  Charles  Spiteri 
Assistant  Professor 
Queensborough  Community  College 
Dept,  of  Elect.  &  Ccmp.  Tech. 
Bayside,  NY  11364 
(212)  631-6207 

Dr.  William  Squires 
Associate  Professor 
Texas  Lutheran  College 
Dept,  of  Biology 
Seguin,  TX  78155 
(512)  379-4161 

Dr.  Arthur  Sterling 
Professor 

Louisiana  State  University 
Dept,  of  Chemical  Engr. 

Baton  Rouge,  LA  70803 

(504)  388-1426 

Dr.  Alexander  Stone 
Professor 

University  of  New  Mexico 
Mathematics  Dept. 

Albuquerque,  NM  87131 

(505)  277-1613 

Dr.  William  Stone 
Assistant  Professor 
Meharry  Medical  College 
Division  of  Biomedical  Sci. 
Nashville,  TN  37208 
(615)  327-6506 


M.E.E.,  Elec.  Eng.,  1980 
Computer  Communications, 
Local  Networks 
ESD 


Degree;  Ph.  D.,  Exercise 
Physiology,  1979 
Specialty:  Biology,  Physiology 
Assigned:  SAM 


Degree:  Ph.  D.,  Chemical  Engr., 

1969 

Specialty:  Fluid  Mechanics,  Heat 
Transfer 
Assioned:  ESC 


Assigned:  SAM 


Ph.  D.,  Mathematics,  1965 
n_  Differential  Geometry, 

~  Differential  Equations, 
Electromagnetism 


Assigned: 


Ph.  D.,  Molecular  and 
Cellular  Biology,  1972 
Retinal  Biochemistry  and 
Lipid  Peroxidation 
WL 


Dr.  Jimmy  Street 
Associate  Professor 
University  of  Florida 
Soil  Science  Dept. 
Gainesville,  FT.  3261  1 
(904)  392-1951 


Degree:  Ph.  D.,  Soil  Chem. ,  1976 

Specialty:  Soil  Pollution 
Assigned:'  ESC 


Dr.  John  Swetits 
Professor 

Old  Dominion  University 
Mathematics  Department 
Norfolk,  VA  23508 
(804)  440-3911 


Degree:  Ph.  D.,  Mathematics,  1968 

Specialty:  Approximation  Theory  and 
Numerical  Analysis 
Assigned:  AL 


xxi 


Dr.  Richard  Tankin 
Professor 

Northwestern  University 
Mech.  &  Nuclear  Engr.  Dept. 
Evanston,  IL  60201 
(312)  492-3532 

Dr.  William  Thcmas 
Assistant  Professor 
Meharry  Medical  College 
Physiology  Dept. 

Nashville,  TN  37208 
(615)  327-6979 

Dr.  Ken  Tomiyama 
Assistant  Professor 
Pennsylvania  State  University 
Dept,  of  Electrical  Eng. 
University  Park,  PA  16802 
(814)  865-7667 

Dr.  Albert  Tong 
Assistant  Professor 
University  of  Texas 
Dept,  of  Mechanical  Engr. 
Arlington,  TX  76019 
(817)  273-2297 

Dr.  Robert  Vance 
Assistant  Professor 
Ohio  State  University 
Psychology  Department 
Columbus,  OH  43210 
(614)  422-0685 

Dr.  Brian  Vick 
Assistant  Professor 
Va.  Polytechnic  Inst.  &  St.  Univ. 
Mech.  Engr.  Dept. 

Blacksburg,  VA  24061 
(703)  961-7596 

Dr.  Stephen  Wed  lace 
Assistant  Professor 
University  of  Colorado 
Inst,  of  Cognitive  Science 
Boulder,  00  80309 
(303)  492-8086 


Degree:  Ph.  D.,  Mech.  Engineering, 

1960 

Specialty:  Fluid  Mechanics,  Heat 
Transfer 
Assigned:  APL 


Degree:  Ph.  D.,  Biochemistry,  1980 

Specialty:  Neurochemistry 
Specialty?  SAM 


Degree:  Ph.  D.,  System  Science, 

1977 

Specialty:  Appl.  of  System  Science  in 
various  Fields 
Assigned:  GL 


Degree:  Ph.  D.,  Mechanical  Engr., 

1983 

Specialty:  Thermoscience 
Assigned:  APL 


Degree:  Ph.  D.,  Ind. /Organ.  Psy., 

1981 

Specialty:  Personnel  Psychology, 

Organizational  Behavior 
Assigned:  HRL/Brooks 


Degree:  Ph.  D.,  Mechanical  Engr., 

1981 

Specialty:  Heat  Transfer 
Assigned:  RPL 


Degree:  Ph.  D. ,  Human  Motor 

Behavior,  1976 

Specialty:  Human  Motor  Benavior 
Assigned:  HRVLowry 


List  of  Participants  (continued:  page  22) 


Dr.  Yin-min  Wei 
Professor 

Ohio  State  University 
Computer  Science  Dept. 
Athen,  OH  45701 
(614)  594-6574 


Speclalt 

Assigned 


Ph.  D.,  Electrical  Engr., 
1966 

r:  Signal  Processing 
:  AMRL 


Dr.  Isaac  Weiss 
Assistant  Professor 
Wright  State  University 
Deptartment  of  Engineering 
Dayton,  OH  45435 
(513)  873-3021 


Ph.  D.,  Metallurgy,  1978 
Thermomechanical 
Processing,  Deformation 
Processing 


Assigned:  ML 


Martin  Werner 
Assistant  Professor 
University  of  Texas 
School  of  Public  Health 
San  Antonio,  TX  78284 
(512)  691-6845 

Dr.  John  Wilson 
Associate  Professor 
South  Carolina  State  College 
Habilitative  Science  Dept. 
Orangeburg,  SC  29117 
(803)  536-8179 

Dr.  Keys tine  Yaworsky 
Associate  Professor 
Le  Moyne  College 
Psychology  Department 
Syracuse,  NY  13214 
(315)  446-2882 

Dr.  Chyang  Yu 
Assistant  Professor 
Wilkes  College 
Dept,  of  Materials  Engr. 
Wilkes-Barre,  PA  18766 
(717)  824-4651 


Assigned : 


Ph.  D.,  Environmental 
Engr.,  1982 
Hazardous  Waste  Mgmt. 
Engineering  TrtT 
ESC 


Ph.  D. ,  Speech  Science/ 
Ccranunications,  1979 
Acoustic  and  Experimental 
Phonetics 
RADC 


Degree:  Ph.  D.,  Cognitive 

Psychology,  1977 

Specialty:  Cognitive  Processes  in 

Perception,  Human  Learning 
and  Memory 

Assigned:  HRL/Wright-Patterson 

Degree:  Ph.  D.,  Ceramic  Eng.,  1977 

Specialty:  Structural  Ceramic 

Materials,  Electronic 
Ceramics,  Microanalysis 

Assigned:  ML 


xxiii 


r.«r  jw^nrj 


■fW"lTf  W'^WP— *vr- 


PARTICIPANT  LABORATORY  ASSIGNMENT  (Page  1 ) 
1984  USAF/SCEEE  SUMMER  FACULTY  RESEARCH  PROGRAM 


AERD  PROPULSION  LABORATORY 

(Wright-Patterson  Air  Force  Base) 

1 .  Richard  Anderson 

2.  Huei-huang  Chiu 

3 .  Louis  Chow 

4.  John  Erdei 

5.  Dennis  Flentge 

AEROSPACE  MEDICAL  RESEARCH  LABORATORY 
(Wright-Patterson  Air  Force  Base) 

1 .  Gwendolyn  Howze 

2.  Robert  MacCallum 

3.  William  Norton 

4.  David  Reynolds 

ARMAMENT  DIVISION 

(Eglin  Air  Force  Base) 

1 .  Myron  Calhoun 

2.  Do  Chang 

3 .  Robert  Courter 

4.  Terrence  Dwan 

5 .  Chen-Chi  Hsu 

ARNOLD  ENGINEERING  DEVELOPMENT  CENTER 
(Arnold  Air  Force  Station) 

1.  Gregory  Corso 

2.  Doyle  Hasty 

3.  Madakasira  Krishna 

4.  M.  Carr  Payne,  Jr. 

AVIONICS  LABORATORY 

(Wright-Patterson  Air  Force  Base) 

1.  Albert  Biggs 

2.  Mike  Burlakoff 

3.  Ronald  Greene 

4.  Paul  Griesacker 

5.  William  McCormick 

6.  James  Patterson 

7.  John  Swetits 

BUSINESS  RESEARCH  W\NAGEMENT  CENTER 
(Wright-Patterson  Air  Force  Base) 

1 .  Richard  Bernhard 

2.  Thomas  Gulledge,  Jr. 


6.  Kakkattukuzhy  Isaac 

7.  Richard  Miers 

8.  Paavo  Sepri 

9.  Richard  Tankin 
TO.  Albert  Tong 


5.  Joseph  Saliba 

6.  Robert  Schlegel 

7.  Robert  Shaw 

8.  Yin-Min  Wei 


6.  Charles  Jone3 

7.  Robert  Kallman 

8.  William  Pardo 

9.  John  Sheldon 


xxiv 


PARTICIPANT  LABORATORY  ASSIGNMENT  (Continued:  page  2) 


Wl 


ELECTRONICS  SYSTEMS  DIVISICN 
(Hanscom  Air  Force  Base) 

1.  William  Perrizo 

2.  Charles  Spiteri 


ENGINEERING  &  SERVICES  CENTER 
(Tyndall  Air  ^orce  Base) 

1.  Annal ingam  Anandarajah  5. 

2.  Eric  Drumm  6. 

3.  Paul  Hoffman  7. 

4.  Yong  Kim  8. 

FLIGHT  DYNAMICS  LABORATORY 

(Wright-Patterson  Air  Force  Base) 

1 .  George  Doyle  6. 

2.  Franklin  Eastep  7. 

3.  Albert  Havener  3. 

4.  Mario  Innocenti  9. 

5.  Walter  Jones  10. 

FRANK  J.  SEILER  RESEARCH  LABORATORY 

(USAF  Academy) 

1 .  David  Chung  5. 

2.  Hermann  Donnert  6. 

3.  James  Eberhart  7. 

4.  Larry  Glasgow 

GEOPHYSICS  LABORATORY 

(Hanscom  Air  Force  Base) 

1 .  Francesco  Bacchialoni  8. 

2.  John  Bahng  9. 

3.  James  Baird  10. 

4.  Alan  Bentley  11. 

5.  Frank  Colby  12. 

6.  John  Cyranski  13. 

7.  Peter  Hierl 


HUMAN  RESOURCES  LABORATORY/ LRL 

(Wright-Patterson  Air  Force  Base) 

1 .  Subramaniam  Deivanayagam 

2.  Emory  Enscore,  Jr. 

3.  Sal lie  Gordon 

4.  William  Kane,  Jr. 

5.  Krystine  Yaworsky 

HUMAN  RESOURCES  LABORATORY/OTR 
(Williams  Air  Force  Base) 

1.  Arthur  Harriman 

2 .  David  Kohf eld 

3.  Lowell  Schipper 


XXV 


Datta  Naik 
Artnur  Sterling 
Jimmy  Street 
Martin  Werner 


Meng  Liou 
Don  Mittleman 
Dale  Moses 
Kuldip  Rattan 
Hemen  Ray 


Hendrik  Hameka 
Richard  Murphy 
Robert  O'Connell 


Gabriel  Kojoian 
Nabil  Lawandy 
Bernard  McIntyre 
Martin  Patt 
Keith  Seitter 
Ken  Tcmiyama 


•  *  •  /  ■  /  €■ 


tr 


PARTICIPANT  LABORATORY  ASSIGNMENTS  (Continued:  page  3) 


HUMAN  RESOURCES  LABORATORY/MO 
(Brooks  Air  Force  Base) 

1 .  Bruce  Feiring 

2 .  Cynthia  Ford 

3.  David  Lehman 

4.  Robert  Vance 

HUMAN  RESOURCES  IABORATORY/ID 
(Lowry  Air  Force  Base) 

1.  Larry  Reeker 

2.  Stephen  Wallace 

LEADERSHIP  &  MANAGEMENT  FEVELOPMENT  CENTER 
(Maxwell  Air  Force  Base) 

1 .  Louis  Buckalew 

2.  Charles  Lardent 

3.  Kevin  Mossholder 

LOGISTICS  COMMAND 

(Wright-Patterson  Air  Force  Base) 

1.  Kendall  Nygard 

LOGISTICS  MANAGEMENT  CENTER 
(Gunter  Air  Force  Base) 

1 .  Philip  Chong 

2.  Bruce  Janson 

3.  Evelyn  Leggette 

MATERIALS  LABORATORY 

(Wright-Patterson  Air  Force  Base) 


Charles  Drummond,  III 

7. 

Ronald  Kline 

Delcie  Durham 

8. 

William  Kyros 

William  Feld 

9. 

Larry  Ludwick 

Thomas  Graham 

10. 

James  Schneider 

Vi  jay  Gupta 

11. 

Isaac  Weiss 

Vinod  Jain 

12. 

Chyang  Yu 

OCCUPATIONAL  &  ENVIRONMENTAL  HEALTH  LABORATORY 
(Brooks  Air  Force  Base) 

1.  Stephan  Nix 

ROCKET  PROPULSION  LABORATORY 
(Edwards  Air  Force  Base) 

1.  Gloria  Anderson 

2.  E.  Miller  Layton,  Jr. 

3.  Charles  Mitchell 

4.  Howard  Schleier 

5.  Brian  Vick 


xxvi 


RCME  AIR  DEVELOPMENT  CENTER 
(Griffiss  Air  Force  Base) 

1 .  Adly  Fam 

2.  Basil  Gala 

3.  Barry  Ganapol 

4.  David  Gilliam 

5.  Brian  Holmes 

SCHOOL  OF  AEROSPACE  MEDICINE 
(Brooks  Air  Force  Base) 

1 .  Deborah  Armstrong 

2.  Mukul  Banerjee 

3.  Jeya  Chandra 

4.  David  Cohoon 

5.  Robert  Dorman 

6.  Edward  Greco,  Jr. 

7.  Kent  Knaebel 

8.  Raj  Krishnan 

9.  Odis  McDuff 


6.  Robert  Jackson,  Jr. 

7.  David  Lai 

8.  Lonnie  Ludeman 

9.  John  Minor 
10.  Johnny  Wilson 


1 0 .  James  Mrotek 

11.  Lena  Myers 

1 2 .  Boake  Plessy 

13.  Walter  Salters 

14.  Gordon  Schrank 

15.  William  Squires 

16.  William  Stone 

17.  William  Thomas 


WEAPONS  LABORATORY 

(Kirtland  Air  Force  Base) 

1.  Robert  Colclaser,  Jr. 

2.  Frederick  Eisler 

3.  Eddie  Fcwler 

4.  Arthur  Kovitz 

5.  Harold  Sorensen 

6.  Alexander  Stone 


xxv  ii 


*.> 


B 


E) 


• 


RESEARCH  REPORTS 

1984  USAF-SCEEE  SUMMER  FACULTY  RESEARCH  PROGRAM 


Volume  I 
Report 

Number  Title  Research  Associate 


1  Centrifuge  Modeling  of  Structural  Dr.  A.  Anandarajah 

Response  During  Underground 

Explosions-  a  Preliminary  Theo¬ 
retical  Feasibility  Study 

2  New  Synthetic  Techniques  for  Dr.  Gloria  L.  Anderson 

Advanced  Propellant  Ingredients: 
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Improvements  in  the  Theory  and 

Practice  of  DoD  Incentive 
Contracting 
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Development  of  Components  for  an 

Infrared  Passive  Laser  Gyro 

21  The  Electromagnetic  Pulse  Response  Dr.  David  K.  Cohoon 
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EVALUATION  OF  MODELS  FOR  LIQUID  PROPELLANT 


ROCKET  COMBUSTION  INSTABILITY 

by 

Charles  E.  Mitchell 

ABSTRACT 

Models  for  the  determination  of  the  stability  characteristics  of  liquid 
propellant  rocket  engine  combustors  are  evaluated.  Recommendations 
concerning  the  use  of  the  four  most  widely  used  models;  the  Priem  Model, 
the  Crocco-Reardon  Model,  the  Beidmann-Feiler  Model,  and  the  Dykema 
Model  are  made.  Each  of  these  models  is  found  to  be  incomplete, 
inaccurate  and/or  approximate  as  far  as  predictive  capability  is 
concerned.  The  continuing  need  for  fundamental  understanding  and 
modeling  of  the  (open-loop)  response  of  the  combustion  process  is 
discussed,  and  research  aimed  at  gaining  this  understanding  is 
suggested.  The  need  for  an  overall  (closed-loop)  combustion  instability 
model  which  includes  the  major  combustor  features  which  may  interact  and 
affect  stability  is  pointed  out,  and  such  a  model,  developed  at  Colorado 
State  University,  is  presented  and  proposed  for  further  development. 
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I.  INTRODUCTION 


The  problem  of  combustion  instability  has  plagued  the  development  and 
application  of  liquid  propellant  rocket  engines  from  the  earliest  days 
of  their  use.  A  tremendous  amount  of  effort  and  resources  has  been 
expended  over  the  last  three  decades  in  controlling  this  problem.  The 
major  period  of  activity  in  this  country  extended  from  the  early  1950 's 
to  the  early  1970's.  During  this  time,  some  considerable  progress  in 
understanding  the  nature  of  the  instabilities  was  made,  and  analytical, 
numerical,  empirical  and  semi-empirical  models  were  developed  in  order 
to  aid  in  the  production  of  stable  engines.  No  complete,  universal 
solution  to  the  problem  was  found,  however,  and  no  single  widely 
acceptable  predictive  model  emerged.  Rather,  a  fragmented  situation 
resulted  in  which  design  engineers  from  different  engine  manufacturers 
used  different  techniques  and  models  to  work  toward  stable 
configurations.  Much  of  this,  in  the  end,  depended  on  the  practical 
experience  and  skill  of  the  particular  engineers  involved  for  success: 
more  art  than  science  was  required.  On  the  theoretical  side,  all  the 
models  were  limited  to  some  extent,  and  controversy  as  to  the  physical 
and  mathematical  correctness  of  the  several  theories  was  rife,  and  never 
resolved  satisfactorily. 

With  the  decline  in  interest  in  the  development  of  new  liquid 
propellant  motors  which  occurred  in  the  1970’ s,  their  stability  problems 
became  less  important  and  the  number  of  investigators  working  on  the 
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problem,  as  well  as  the  resources  dedicated  to  its  solution,  dropped 
essentially  to  zero.  Recently,  however,  a  new  range  of  potential 
applications  for  liquid  propellant  engines,  associated  with  orbital 
transfers,  fend  satellite  repair,  modification,  managment  and 
destruction,  has  been  identified,  stability  problems  are  to  be 
anticipated  with  the  new  engines  required,  and  in  fact  have  already 
occurred  in  one  development  program.  At  this  time,  however,  the  people 
who  developed  the  earlier  models  and  cultivated  a  hard  won  skill  in 
their  use  are,  by  and  large,  gone  from  the  scene.  The  body  of  available 
information  which  remains  is  plentiful,  complex,  diffuse  and  confusing 
to  new  engineers  involved  in  the  design  process.  A  need  both  for  a 
critical  review  of  the  older  work  as  well  as  a  renewed  efffort  in  the 
fundamental  solution  of  the  liquid  rocket  stability  problem  has  been 
identified  by  the  Air  Force  Rocket  Propulsion  Laboratory.  It  is  the 
purpose  of  the  research  described  here  to  contribute  to  the  satisfaction 
of  this  need. 

The  SCEEE  Faculty  Fellow  involved  (C.  E.  Mitchell)  performed  liquid 
rocket  stability  research  (funded  by  NASA  and  NSF)  continuously  from 
1968  to  1978.  During  this  ten  year  period  a  closed  loop  stability  theory 
for  liquid  rocket  combustors  was  pursued  by  the  Fellow  and  his  graduate 
students  at  Colorado  State  University  The  development  of  this  theory  was 
never  finished  due  to  the  lack  of  interest  (and  funding)  which  occurred 
at  the  end  of  the  1970's,  though  several  partial  or  approximate  analyses 
evaluating  the  effects  of  injector  face  baffles,  acoustic  cavities,  and 
both  linear  and  nonlinear  waveforms  on  overall  combustor  stability  were 
completed.  A  computer  code  based  on  a  simplified,  linearized  version  of 
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the  theory  was  also  written/  documented  and  distributed. 

Though  recently  involved  in  other  research  areas.  Professor 
Mitchell  has  retained  a  strong  interest  in  liquid  rocket  stability  and 
welcomed  the  opportunity  afforded  by  the  SCEEE  program  and  the  renewed 
interest  of  the  Air  Force  in  liquid  rockets  to  return  to  the  field, 
assess  the  state  of  the  art,  and  resurrect  the  stability  theory 
mentioned  above. 


II.  OBJECTIVES  OF  THE  RESEARCH  EFFORT 

The  general  goal  of  this  research  was  to  initiate  a  comprehensive  review 
a:,d  critical  evaluation  of  the  state  of  the  art  in  liquid  rocket 
combustion  instability  analysis  and  modeling.  The  intent  was  primarily 
to  help  provide  a  knowledge  base  from  which  future  research  in  stability 
modeling  might  proceed.  One  element  of  this  knowledge  base  was  to  be 
the  stability  code  developed  by  the  SCEEE  Fellow  and  discussed  briefly 
in  the  Introduction. 

Concisely,  the  specific  objectives  were: 

(1)  To  critically  review  and  evaluate  the  stability  models  which 
have  been  used  most  widely  in  the  past,  particularly  in  liquid  rocket 
development  programs,  and  to  determine  and  define  their  strengths, 
weaknesses,  and  limitations. 

(2)  To  identify  essential  areas  for  additional  research,  based 

primarily  on  this  review  of  the  existing  models,  but  including  reference 
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to  the  general  body  of  theoretical  and  experimental  literature  on 
combustion  instability  as  time  permitted. 

(3)  To  install  and  make  operational  the  Fellow's  integral,  closed 
loop  stability  model  on  the  AFRPL  computer  system  and  to  familiarize  a 
staff  member  with  its  use. 


III.  EVALUATION  OF  EXISTING  STABILITY  MODELS 

As  mentioned  in  the  Introduction,  the  bulk  of  the  liquid  rocket 
instability  work  performed  in  this  country  was  completed  by  the  early 

2 

1970's.  A  reference  book  on  liquid  rocket  combustion  instability  which 
was  published  in  1972  therefore  served  as  an  excellent  starting  point 
for  this  review.  Both  the  summaries  given  there  and  the  extensive 
reference  list  provided  were  extremely  useful,  in  addition  the 
proceedings  of  the  JANNAF  Combustion  Meetings  (1964-1983)  were  used 
extensively.  Other  papers  and  reports  both  from  the  Fellow's  personal 
library  and  from  the  APRPL  library  were  also  employed. 

Though  considerable  background  and  general  review  was  done  to 

reacqualnt  the  Fellow  with  the  field,  attention  was  focused  primarily  on 

the  four  stability  models  which  have  been  used  most  often  in  the  past  in 

designing  stable  liquid  rocket  combustors.  These  are:  the  priem 

3,4,5  6,7,8 

Model;  the  Crocco-Reardon  (sensitive  time  lag)  Model;  the 

9,10 

Dykema  Model;  and  the  Beidmann-Peiler  (response  factor) 
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Model.  Particularly  in  the  case  of  the  Priem  Model  and  the 

Crocco-Reardon  Model,  no  single  computer  code  or  reference  exists ,  but 
rather  a  body  of  experimental,  analytical  and  numerical  work  all 
following  generally  the  same  approach  and  modeling  philosophy.  This  is, 
an  organization  will  say  that,  for  example,  the  Priem  Model  was  used  to 
evaluate  the  stability  of  a  certain  engine.  In  reality  that 
organization's  version  of  the  Priem  Model,  often  extended  and/or 
modified  in  several  ways  was  used.  With  this  in  mind  each  of  the  four 
modeling  approaches  was  studied  and  evaluated  to  determine  its  generic 
strengths  and  weaknesses.  Both  mathematical  and  physical  features  of 
the  several  models  were  considered  and  conclusions  as  far  as  the 
correctness,  applicability,  accuracy,  and  future  potential  of  each  of 
them  were  drawn.  Recommendations  based  on  these  conclusions  are  given 
later  in  this  report.  Space  limitations  permit  neither  a  presentation 
of  the  analytical  approach  used  in  these  models,  nor  a  critical 
discussion  of  their  features  here.  However,  a  report  containing  this 
information  for  each  of  the  four  models  considered  is  currently  being 
completed  and  will  be  submitted  to  the  Air  Force  Rocket  Propulsion 
Laboratory  separately. 
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IV.  INSTALLATION  Of  THE  CSD  STABILITY  MODEL 

1 

A  simplified  computer  code  based  on  a  general  stability  theory 
developed  by  the  Fellow  and  hie  gradute  students  at  Colorado  State 
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University  was  ^nsmitted  to  AFRPL  and  made  operational  on  its  CDC 
computer  system  during  the  appointment  period. 


Several  distinct  analyses  all  based  in  a  qeneral  way  on  an  integral 
Green's  function  approach  to  the  evaluation  of  overall  liquid  rocket 
engine  stability  were  performed  by  tie  CSU  group  from  1969-1979,  and 
Included  treatment  of  slot  absorbers,  acoustic  liners,  conical  uozzles, 
nonlinear  waveforms,  wave  distortion  effects  on  vaporization  response, 
axial  combustion  distribution,  and  injector  face  baffles,  in  general 
these  formed  thesis  topics  for  the  graduate  students  involved,  most  were 
published  in  the  literature  in  one  form  or  another  (A  complete  list  of 
these  is  given  in  Reference  1.) 

The  code  MODULE,  as  it  exists,  contains  a  simplified  form  of  the 
aniysis.  The  intent  in  writing  It  was  to  produce  a  somewhat  -aer 
friendly  program  which  could  be  used  and  understood  by  someone  with  only 
a  modest  background  in  liquid  rocket  stability.  The  code  can  be  used 
either  to  produce  stability  maps,  or  to  determine  frequency  and  decay 
rates  for  a  given  configuration.  The  simplified  form  considers  three 
dimensional  linear  oscillations  in  a  cylindrical  combustor  with  a  nozzle 
of  arbitrary  acoustic  admittance,  a  slot  acoustic  absorber  or  partial 
length  acoustic  liner,  a  combustion  zone  response  of  abritrary  frequency 
dependence,  concentrated  at  the  injector  and  an  arbitrary  mean  flow  Mach 
number.  Injector  face  baffles,  axial  combustion  distribution  and  finite 
amplitude  wave  effects  are  not  included  in  this  simplified  form  because 
the  original  analyses  of  these  features  were  cumbersome,  time  consuming 
numerically,  or  incomplete.  Reworking  and  improvement  of  these  aspects 
of  the  model  so  that  they  could  ba  added  to  MODULE  in  order  to  increase 
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its  comprehensiveness  is  suggested  ss  s  goal  of  follow-on  work. 

An  APRPL  cooperative  student,  Steve  Wall,  was  given  some 
introductory  tutoring  in  the  use  and  interpretation  of  the  code,  ny  the 
end  of  the  summer  appointment  period  he  had  gained  some  facility  in  its 
use  and  had  run  several  test  cases. 


V.  RECOMMENDATIONS 

(1)  Cse  of  the  Pour  Stability  Models  Reviewed 

Each  of  the  models  reviewed,  the  Priea  Model,  the  Crocco-Reardon 
Model,  the  Heidmann-Peiler  Model,  and  the  Dykeaa  Model,  was  found  to  be 
flawed  and  wanting  as  far  as  the  ability  to  predict  stability  behavior 
quantitatively  is  concerned. 

It  is  recommended  that  no  one-dimensional  (standard  form)  of  the 
Priem  Model  be  used  in  making  stability  predictions,  it  is  worthwhile 
to  study  this  model  in  order  to  gain  familiarity  with  the  numerical 
approach  involved,  and  tc  serve  as  a  knowledge  base  from  which 
multi-dimensional  forms  of  this  type  of  model  can  be  developed  (See 
Recommendation  (5)).  However,  the  one  dimensional  collapsed  geometry 
assumed,  and  the  frequency  independent  vaporization  model  used  are 
sufficiently  unrealistic  that  predictions  must  be  rated  unreliable. 

The  Crocco-Reardon  Model  depends  upon  empirical  correlations  for 
its  predictions.  The  model  parameters  (interaction  index  and  time  lag) 
determined  through  these  correlations  can  only  be  taken  as  quite 


approximate  for  any  injector-proprellant  combination.  Moreover,  in 
order  to  use  these  correlations  it  is  necessary  that  an  accurate 
stability  map  (in  terms  of  interaction  index  and  time  lag  required) 
which  correctly  includes  all  other  chamber  features  be  available.  The 
capability  for  this  is  only  now  being  developed  (See  Recommendation 
(3)).  Consequently,  it  is  recommended  that  this  type  of  prediction  be 
used  only  qualitatively,  and  with  great  caution. 

The  open-loop  models  reviewed  (Haidmann-Feiler,  Dykema)  are 
specific  to  an  assumed  combustion  mechanism  in  each  case.  It  is  not 
known  a  priori  which  of  these,  if  any,  is  the  critical  stability 
mechanism  in  a  given  liquid  rocket  engine.  In  addition  the  models  have 
not  been  validated  experimentally.  (See  Recommendations  (4)  and  (2)). 
Finally,  these  models  are  open-loop  in  form  and  at  best  can  only  give 
directions  for  stability  improvement,  not  the  magnitude  of  the  changes 
required.  Therefore,  it  is  recommended  that  this  type  of  model  not  be 
used  directly  for  stability  prediction,  but  rather  that  each  be 
evaluated  experimentally  and,  if  verified,  then  be  used  as  input 
elements  of  an  overall  stability  model. 


(2)  Combustion  Response  Characterization  and  Modeling 

The  review  conducted  indicated  that  the  mechanisms  by  which  the 
combustion  process  in  liquid  rocket  engines  responds  to  high  frequency 
pressure  and  velocity  oscillations  is  not  yet  well  understood.  Indeed, 
the  response  models  available  are  almost  entirely  quasi-steady 
extensions  of  steady  state  models  and  correlations.  Diagnostic 
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techniques  developed  in  related  combustion  fields  during  the  past  decade 
(CARS*  LDV,  etc.)  appear  to  make  detailed  experimental  studies  of  the 
unsteady  injection,  atomization,  vaporization  and  diffusion  processes 
feasible  at  the  present  time.  Consequently  it  is  recommended  that  an 
experimental  program  with  the  goal  of  describing  and  characterizing  the 
mechanisms  present  in  the  several  phases  of  the  unsteady  combustion 
response  process  be  carried  out.  Specifically,  these  experiments  should 
be  designed  so  that  the  effects  of  imposed  oscillations  (pressure  and 
velocity)  of  varying  amplitude,  waveform  and  frequency  can  be  observed 
and  measured.  Results  of  these  experiments  should  be  used  as  inputs  to, 
and  in  conjunction  with,  modeling  efforts  directed  at  the 
characterization  of  individual  mechanisms  as  well  as  the  overall 
response  process  in  open-loop  form. 


(3)  Development  and  Improvement  of  the  CSO  Stability  Model 

The  Colorado  State  Oniversity  stability  model  is  probably  the  most 
comprehensive  analytical  technique  for  the  evaluation  and  prediction  of 
the  overall  stability  of  liquid  propellant  rocket  engines  currently 
available.  The  model's  present  form  is  incomplete  as  discussed  above. 
It  is  recommended  that  the  existing  model  be  extended  and  modified  to 
predict  the  effect  of  arbitrary  combustion  distribution,  nonlinear  and 
distorted  waveforms,  and  injector  face  baffles.  That  these  features 
can,  in  principle,  be  treated  by  the  integral  Green's  function  approach 
employed  has  been  established  in  several  limited  and/or  approximate 
analyses  of  these  effects,  already  perfomred  by  the  author  and  his 
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students.  The  code  should  also  be  generalized  so  that  it  can  accept  as 
inputs  the  results  of  the  open-loop  combustion  response  models  generated 
as  a  result  of  the  experimental  and  analytical  efforts  of  Recommendation 
(2).  Part  of  this  effort  could  be  completed  under  the  RISE  follov-on 
research  program. 


(4)  Liquid  Rocket  Instability  Research  Engine 

It  is  recommended  that  an  experimental  liquid  propellant  rocket 
research  engine  dedicated  solely  to  the  evaluation  and  validation  of 
both  open-loop  combustion  response  models  (Recommendation  (2))  and  the 
overall  combustor  stability  model  (Recommendation  (3))  be  designed  and 
constructed,  in  the  past  the  great  majority  of  data  on  liquid  rocket 
stability  has  been  gleaned  as  a  by-product  in  development  or  stability 
improvement  programs  associated  with  production  engines.  This  has  led 
to  incomplete,  sparse  and  fragmented  data  on  instability  being  the 
frequent  result.  A  single  research  test  bed  developed  in  coordination 
with  the  open-loop  and  overall  stability  modeling  efforts  should  avoid 
this  and  lead  to  a  synergistic  solution  to  the  problem,  certainly  the 
research  engine  should  be  of  an  extremely  flexible  design  and 
reconf igurable  as  far  as  the  major  engine  elements  critical  to  stability 
(injector,  baffles,  acoustic  absorber,  nozzle)  are  concerned.  In 
addition,  a  system  for  controlled  pulsing  of  the  engine  would  be  a 
necessity. 
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(5)  Numerical  Analysis  of  Wave  Develoment 


The  overall  stability  model  of  Recommendation  (3)  evaluates  and 
predicts  the  stability  of  a  periodic  or  almost  periodic  oscillation.  It 
cannot  predict  the  temporal  development  of  such  a  wave  or  oscillation, 
nor,  directly,  the  size  or  shape  of  combustor  disturbance  necessary  to 
initiate  it.  A  numerical  integration  of  the  governing  conservation 
equations,  given  a  combustion  response  model  and  geometrical 
configuration  could  provide  such  information.  This  type  of  analysis 
(which  would  be  in  the  spirit  of,  and  an  extension  to,  the  Priem 
approach)  would  have  to  be  at  least  two  dimensional  (see  the  discussion 
of  the  priem  Model  given  above)  and  flexible  enough  to  accept  arbitrary 
open-loop  combustion  response  models.  Results  from  calculations  should 
be  useful  i.~  predicting  triggering  behavior  and  in  evaluating 
numerically  tfce  relative  potential  of  open  loop  response  mechanisms  for 
initiating  oscillations,  preliminary  work  in  the  development  of  this 
analysis  is  suggested  as  an  appropriate  part  of  a  RISE  program. 
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ABSTRACT 


The  focus  of  this  work  Is  to  describe  theoretically  the  behavior  of  a 
flexible  body  subject  to  vibrations  in  a  zero-  gravity  environment  and  to  be 
able  to  simulate  this  behavior  in  a  1-g  environment.  Thus,  if  we  have  a 
flexible  body  suspended  at  n-points  by  fine  wires  that  pass  over  friction- 
less  pulleys  and  these  wires  then  extend  over  a  second  set  of  pulleys  and 
drop  down  to  a  second  flexible  body  that  is  an  identical  copy  of  the  first 
and  is  similarly  attached  to  the  wires,  then  the  net  forces,  at  least  at  the 
points  of  suspension,  acting  on  either  body,  are  zero.  While  we  are  far 
from  solving  the  vibrational  characteristics  of  such  complex  systems,  these 
characteristics  have  been  analyzed  for  two  simple  cases.  These  consist  of  a 
single  and  two  masses  rigidly  connected.  The  theory  and  the  apparatus  for 
both  cases  are  presented.  The  results  of  several  numerical  experiments  as 
well  as  those  of  some  physical  experiments  are  described. 
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I.  Introduction 


The  pjrpose  of  this  work  Is  to  be  able  to  describe  theoretically  the 
behavior  of  a  flexible  body  subject  to  vibrations  in  a  zero-gravity 
environment  and  to  be  able  to  simulate  this  behavior  In  a  laboratory  in  a 
1-g  environment.  Thus,  If  we  have  a  flexible  body  suspended  at  n-polnts  by 
fine  wires  that  pass  over  frictionless  pulleys  and  these  wires  then  extend 
over  a  second  set  of  pulleys  and  drop  down  to  a  second  flexible  body  that  Is 
an  identical  copy  of  the  first  ar.d  is  similarly  attached  to  the  wires,  then 
the  net  forces,  at  least  at  the  points  of  suspension,  acting  on  either  body, 
are  zero.  While  we  are  far  from  solving  the  vibrational  characteristics  of 
such  complex  systems,  these  characteristics  have  been  analyzed  for  two 
simple  cases.  These  two  cases  consist  of  (1):  a  single  mass,  and  (2):  two 
masses  rigidly  connected.  While  It  was  hoped  to  describe  the  behavior  of 
two  masses,  flexibly  connected,  time  did  not  permit.  The  description  of  the 
theory,  the  apparatus,  the  results  of  several  numerical  experiments  as  well 
as  those  of  some  physical  experiments  are  described  In  the  succeeding 
sections. 
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II.  A  Single  Mass  -  Mathematical  Statement 

The  experiment  to  be  analyzed  is  depicted  in  Figure  1.  Two 
frictionless  pulleys,  each  of  radius  R  and  lying  in  the  plane 
y  *  0,  are  attached  to  a  framework  so  that  their  line  of  centers  is  h  meters 
above  the  z  *  0  plane.  The  total  length  of  the  fine  wire  (.010"  diameter) 
is  constant  and  equals  1  ^  ^  +  +  d.  When  the  mass  m2  1s  displaced 

through  an  angle  6,  the  distance  from  mg  to  the  point  of  contact  (tangency) 
on  the  pulley  is  called yO  .  If  the  coordinates  of  m^  are  (x^,  y^,  z^),  we 
may  assume  x^  =  -R  (as  mea?_.ed  from  the  center  of  pulley  1),  y^  =  0  (i.e. 
the  only  allowable  motion  is  in  the  vertical  direction)  and  z^  *  h-  Cy  If 
the  coordinates  of  nig  are  (Xg,  yg,  Zg),  then,  when  measured  from  the  center 
of  pulley  2,  Xg  =  R  cos6  +yOsin&,  yg  *  0,  and  Zg  =  h  +  R  sin0  - ^cosG. 

Since  Jt  ^  +  j TTr  +  d  +  (J/-0)R  +y3  * /j  +  J/7R  +  d  +  i/YR  +  ^g, 
we  have  that  /? =  /g  +  GP.  From  the  geometry,  it  is  clear  that 
2.  j  +  /  p  J  L,  a  constant,  and  therefore 


p  =  L  -  ♦  GR  »  L  -(h  -Zj)  +  9R 

-  (L  -  h)  +  0R  +  Zj 

where  L-h  is  a  constant  we  shall  refer  to  as  . 

Thus:  “  p0  +  &R  +  Zj 

The  quantity  Q  is  easily  measured.  With  the  apparatus  in  the 
unperturbed  state,  0*0,  and  y0  * y5Q  +  z^.  In  this  position ■  h-Zg  and 
thus  y0o  *  h-Zj-Zg. 

The  kinetic  energy  of  the  system  is  given  by 

T  »  Juij  (x1  +  yl  +  Zj)  +  im2  (x2  +  y2  +  Zg) 
and,  in  terms  of  z^  and  0, 
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T  ■  ifnij  +  mg)  Zj  +  i  n^j^O2 

(The  kinetic  energy  of  the  pulleys  was  ignored  In  defining  T.)  The 
potential  energy  V  3  m^gZj  +  m2gz2  a  m^gzj  +  n^g  (h  +  R  s1n9  -yOcosS).  Using 
the  lagrangian  L  »  T  -V,  Newton's  equations  of  motion  are  found  to  be: 


III.  Numerical  Results 

These  equations  were  programmed  for  a  digital  computer  using  a 

Range-Kutta-Fehlberg-(4)  routine  and  run  on  a  Xerox-Sigma-9  at  Oberlin 

College.  The  program  was  subsequently  rewritten  for  a  VAX-780  at  AFWAL/FIBG 

and  run  In  double  precision.  The  results  from  these  two  sets  of  computer 

runs  were  Identical.  Before  discussing  the  results  themselves,  some 

observations  on  the  parameters  used  in  the  calculations  are  in  order. 

At  first,  the  two  masses  and  were  assumed  equal  and  the 

common  radius  of  the  pulleys  was  measured  to  be  1.238  cm.  In  all  cases,  for 

#  • 

initial  values,  we  used  z^  *  z^  ■  9  »  0.  The  Initial  angular  displacement 
of  m2 ,®Q ,  was  taken  to  be  successively  .01,  .1,  .2,  .5  radians.  In  all  four 
cases,  Zj  went  slightly  negative  but  then  began  to  Increase.  Numerically, 
the  simulation  ran  for  120  seconds.  In  an  effort  to  see  if  this  rise  In  Zj 
would  continue  over  longer  periods,  some  cases  were  run  for  as  long  as  6000 
seconds;  the  rise  continued.  The  rise  was  greater  for  larger  initial 
amplitudes,  0o<  Figures  2,  3,  4,  5. 

This  behavior  may  be  understood  by  examining  equation  (2).  The  net 
gravitational  effect  Is  determined  by  g  -  m2g  cos0;  the  motion  of  m, , 

9  9 

l.e.  the  height  z^.  Is  also  Influenced  by  the  centrifugal  term,  mJS  . 
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For  larger  initial  0o,  this  term  has  a  greater  Influence  on  Zj  than  does 
m^g  -  m2gcos9. 

A  second  set  of  numerical  experiments  were  run  to  determine  the  effect 
of  the  size  of  the  radius  of  the  pulleys;  in  particular.  If  we  let  R  0, 

would  there  be  a  discernable  change  In  the  results?  It  was  found  that 
using  an  R  =  0  had  no  discernable  effect  on  the  results  obtained.  Based  on 
thi  evidence,  it  was  decided  to  ignore  the  size  of  the  pulleys  in  analyzing 
the  systems  to  be  described  in  Section  VI. 

While  numerical  values  were  obtained,  we  chose  to  present  all  results 
in  graphical  form  and  the  eye  could  detect  no  change. 

IV.  Experimental  Results 

While  the  qualitative  behavior  observed  In  the  laboratory  was  In 
agreement  with  the  numerically  obtained  results,  the  friction  of  the  pulleys 
caused  some  problems.  Whereas  the  theory  predicted  a  specific  rise  in  m^  in 
a  certain  period  of  time,  the  time  observed  in  the  laboratory  for  that  rise 
was  about  twice  as  long.  We  attribute  this  difference  to  friction  In  the 
pulleys.  Our  rationale  is  based  on  the  following. 

In  an  effort  to  compensate  for  the  friction,  the  apparatus  was  modified 
slightly.  The  two  masses  were  weighed  and  found  to  be  1.005  lbs  each.  When 
suspended  for  any  z^,  they  remained  at  rest,  l.e.  whatever  difference  there 
might  be  in  their  weights  was  not  sufficient  to  overcome  the  inertial 
resistance  of  the  pulleys.  However,  If  either  mass.  Initially  at  rest,  was 
given  a  slight  Impulse,  the  two  'nesses  began  to  move  but  quickly  came  to 
rest.  This  indicated  that,  within  the  distances  over  which  we  were 
measuring  z,,  about  5  feet,  the  resistance  of  the  pulleys  was  too  great  to 
be  neglected.  Accordingly,  we  modified  the  equipment  to  the  following 
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extent.  We  added  a  mass  of  about  3.9  grams  (.00858  oz.)  to  m2  and  then, 

with  both  masses  restricted  to  move  In  the  z-  direction,  gave  a  slight 

Impulse  to  the  system,  allowing  m^  to  rise  5  feet,  to  fall  the 

corresponding  distance.  When  measured  in  this  way,  z^  seemed  to  be  moving 

2 

in  a  gravitational  field  of  about  .0049  ft/sec  . 

Using  these  unbalanced  weights,  the  experiment  was  rerun  and  the 
results  agreed  well  with  the  theoretically  predicted  values. 

While  it  would  be  desirable  to  present  the  numerical  results  of  the 
laboratory  experiment,  time,  and  the  crudeness  of  the  apparatus  and  our 
measuring  procedures,  precludes  our  reporting  finer  details. 

V.  Additional  Numerical  Experiments 

Since  the  theory  predicted  that  for  equal  masses,  m^  and  nij,  the  mass 
mj  would  rise  indefinitely  when  Is  swung  as  a  pendulum,  we  speculated  as 

to  how  much  additional  mass  should  be  added  to  Hij  so  as  to  produce  an 
oscillatory  motion.  With  an  Increase  in  mass  of  .26X,  the  mass  m^ 
oscillated  between  -15cm  and  .5cm  as  viewed  for  the  first  300  seconds.  With 
an  Increase  of  .25%,  the  mass  m^  exhibited  a  total  oscillation  of  about 
.8cm,  and  a  total  change  of  about  2cm  In  300  seconds.  In  both  cases,  the 
Initial  *  .lrad  and  the  maximum  amplitude  of  the  pendulum  motion 
remained  at  .lrad.  Figures  6,  7. 

This  numerical  experiment  was  repeated  for  different  initial  &Q.  It 
was  found  that  the  functional  relationship  between  the  needed  additional 
weight  and  the  Initial  0Q  to  sustain  the  oscillatory  behavior  Is  quadratic: 

mj  -  1.000  ♦  7.451  x  1O'80O  +  0.250  0Q2. 

This  formula  was  obtained  using  a  least  squares  fit  to  data  points 
corresponding  to  8q  ■  .1,  .2,  .3,  .4,  and  .5. 
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VI.  The  Two  Masses  -  Mathematical  Statement 


Figure  8  is  intended  to  illustrate  the  following.  Four  pulleys,  each 
of  radius  R,  are  placed  so  that  the  centers  of  p^  and  p^  are  d£  meters  apart 
and  the  centers  of  p-  and  p^  are  d'j  meters  apart.  The  two  lines  joining 
p. ,  p£  and  p^,  p^  are  parallel  and  dj  meters  apart.  These  four  centers  lie 
in  a  plane  normal  to  the  direction  of  gravity,  g,  and  at  a  distance  h  above 
a  reference  plane  z  *  0.  A  fine  wired  (.010  'n.  dia.)  is  strung  over 
pulleys  p^  and  p^  and  the  masses  m^  and  are  attached  at  the  ends. 
Similarly,  a  fine  wire  is  strung  over  pulleys  p„,  p^  and  the  masses  m^  and 
are  attached  at  the  ends.  A  rigid  weightless  rod  of  length  connects 
the  masses  m^  and  m^;  a  rigid  weightless  rod  of  length  R^  connects  the 

masses  m~  and  m. . 

3  4 

The  masses  and  are  pictured  in  their  unperturbed  positions, 
hanging  freely  under  gravity.  The  distance  of  m^  above  the  ground  plane 
is  called  z^;  the  distance  of  above  the  ground  plane  is  called  z^. 

The  masses  m^  and  nu  are  shown  in  two  positions;  one,  by  dashed 
lines,  as  they  might  hang  in  their  unperturbed  position  and  two,  by 
solid  lines  as  they  might  be  positioned  when  moved  from  their 
unperturbed  positions. 

In  what  follows,  we  shall  assume  that  the  radius  of  the  pulleys,  R, 
is  small  compared  to  the  lengths  antl  wi11  be 

neglected.  This  simplifies  the  geometry  considerably  and  is  justified  in 
light  of  the  numerical  results  of  the  experiment  described  in  Section  III. 

Whatever  the  motion  of  m^R^,  the  lengths^  and 
A  +/4  remain  constant,  l.'e  therefore  write  and 

A  =  4  "  A* 
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In  Its  unperturbed  position,  the  quadralateral  ARl4d2  ^es  in  a 
vertical  plane  as  depicted  in  the  figure.  The  line  ^  makes  an  angle  ^ ^ 
with  the  z  direction  and  the  projection  of  d j  on  this  direction  is 
A  cos<^j.  The  projection  of  ^  on  the  (x,y)  plane  is  If  we 

call  the  angle  between  the  projection  and  the  x  axis  0^,  then  the  projection 
of  on  tne  x  axis  is  sin^cosSj,  its  projection  on  the  y  axis  is 
sin^sInSj.  (In  the  unperturbed  position,  0^  ■  in:) 

The  coordinates  of  are: 

X1  *  *dl  +  As1n<fi  cos0i 
yl  “  'id2  +A  sin^  sin0l 

3  h  -  (x  cos^ 

The  coordinates  of  m2  are 

x2  *  *dl  +  A  cos®2 

y2  *  id2  +/2  sin^2  sin02 
z2  *  h  _i2  cos fz 

Since  the  distance  between  aid  m2  is  to  be  fixed,  we  have  the 
constraining  condition  that 

(xrx2)2  +  (yry2)2  +  (zj-z2)2  *  Ri2-  (3) 

Similar  formula  can  be  written  for  the  coordinate  of  the  masses  m^ 


(1) 


(2) 


and  • 


*3 

y3 


and 


*4 

y4 


-idx  sin^  cos03 
-id', 2  +/3  sin^  sin63 
h  -/3  cos  3 

-1*1  +/4  sin^4  cos04 

id '2  +4  sin$  sin04 


(4) 


(5) 
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24  =  h  -  /4  cos  cfA 

Again,  the  two  masses  m^  and  m4  are  rigidly  connected  and  the 
distance  between  them  is  R^. 

(*3  "  *4^  +  ^3  ”  y  4)  (z3  ”  z4)  =  •  (6) 

In  the  system  of  equations  that  specify  Xj,  y^,  ... ,  z4,  we  may 

think  of  <^,  f^,...,^,  and  £y£^  as  Independent  of  one  another 

except  for  the  two  constraining  equations  (3)  and  (6).  Thus,  there  are  at 
most  8  dependent  variables  plus  the  one  independent  variable,  time.  The 
kinetic  energy  KE  of  the  four  masses  is 


4 

KE  im.  (xi  +  y.  +  z.)  (7) 

i  =  l 

The  potential  energy  PE  of  the  four  mass  with  respect  to  the 
z  =  0  plane,  is  4 


i*l 


The  kinetic  energy  of  m.  (i  =  1,  2,  3,  4}  is 


1 

+  y/  +  zi2)  =  im. (  ^i2sin2^?i0i2  + 

42fiZ  *ii2> 

(8) 

The  constraint  equation  (3)  becomes 

tx  -2  B:  /1  2Z  +  tz  -2  Vlil  +2  Ex  /2 

■  Ri2  -4 

(9) 

where 

B1  =  sin/l  cosei  sin  fz  cos62  +  sinfi  sin0isinf2 

sin&2  +  cos^  cosf2 

Dj  =  d,,  sin^  sin9^ 

E^  =  do  sin^  sine^. 

Similarly,  the  constraint  equation  (6)  becomes 

*&2  -zh?2  *  2Es4  ■  r22  -V2 


(10) 
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and 

B3  *  sln^  cos83  siny^  cos94  +  slnj^  sin&3  slny^  sin04  +  cos^  cos^4 


D3  *  d  2sin f2  sinfr3 

E3  *  d'2siny?4  sin04 

To  equations  (9)  and  (10)  we  adjoin 

WL  i 

(11 

h  *  4 

(12 

This  system  of  four  (4)  equations  define  J2y  in  terms  of  the 

variables  ^,...,  <^4,  fy,  which  we  take  as  our  generalized 

coordinates. 

The  potential  energy  PE  is  given  by 


4  4 

PE  *  ^  ^  mi  gz1  ^  n^g  (h  -  ^  cos  ^). 


From  these  definitions,  we  form  the  Lagrangian  function  L  =  T-V  and  derive 
the  Newton  equations  of  motion. 


VII.  Recommendations 

1)  The  mathematical  equations  for  the  case  of  the  single  mass  are 
clearly  enough  understood  and  may  be  verified  to  any  degree  of  accuracy  if 
the  friction  of  the  pulleys  can  be  reduced.  If  that  should  prove 
unattainable  within  the  limits  of  the  laboratory  equipment  available,  the 
equations  would  then  have  to  be  modified  to  account  for  friction.  This 
should  be  done  only  if  necessary. 


2)  The  laboratory  experiments  to  substantiate  the  theory  for  the 
single  mass  requires  more  sophisticated  equipment  than  was  used.  This  is 
being  done  and  the  results  should  be  forthcoming  within  a  reasonable  time. 


3)  While  this  report  indicates  how  the  Newton  equations  of  motion  can 
be  obtained  for  the  two  masses  connected  by  a  rigid  rod,  the  details  of  that 
computation  still  have  to  be  carried  out.  This  should  be  done  and  the 
equations  programed  for  a  computer  and  run. 

4)  Experimental  verification  of  the  numerical  results  expected  from 
recommendation  3)  should  be  obtained.  Again,  if  friction  plays  too  great  a 
role,  these  equations  will  have  to  be  modified. 

5)  The  most  important  recommendation  is  to  continue  the  theoretical 
investigation  into  the  case  of  two  point  masses  connected  by  a  flexible  rod. 
For  this,  the  constraint  equations,  (3)  and  (6),  would  have  to  be  modified 
to  account  for  the  flexibility  of  the  rod  and  the  energy,  when  the  rod  is 
flexed,  introduced  into  the  system.  Concomitant  with  this  would  be  the 
derivation  of  the  Newton  equations  of  motion,  the  writing  of  the  computer 
program  and  the  experimental  verification.  Recommendation  5)  is  clearly  the 
most  challenging. 
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ABSTRACT 


The  case  for  lew  subsonic  Mach  numbers  is  discussed  and  results 
of  wall  pressure  signatures  at  M=.3  are  given.  Runs  were  made  at 
transonic  Mach  numbers  of  M=.6,  .7,  and  .75  for  odd  angles  of  attack 
from  <X  =3°  to  o<  =19°.  The  results  are  discussed.  The  interference 
from  the  model  support  sting  and  angle  of  attack  adjustment  crescent 
was  evaluated  and  the  model  wall  pressures  were  corrected  for  this 
interference . 

Transonic  wall  pressure  signatures  were  obtained  at  a  model 
position  14"  forward  of  the  test  section  window  . 


101-2 


►v*  .*-r  v v 


The  author  would  like  to  thank  the  Mr  Force  Systens  Ccrrmand, 
the  Mr  Force  Office  of  Scientific  Research  and  the  Southeast  Center 
for  Electrical  Engineering  Education  for  providing  him  with  the 
opportunity  to  spend  a  worthwile  and  intersting  surrmer  at  the  Mr 
Force  Wright  Aeronautical  Laboratory,  Wright-Patterson  AFB,  OH. 

He  would  like  to  ac  knowledge  the  laboratory,  in  particular  the 
Aerodynamics  and  Mrframe  Branch  for  the  excellent  working  conditions. 

Finally  he  would  like  to  thank  Mr.  Robert  Jeffries  for 
suggesting  this  area  of  research  and  Maj  Tetnmy  J.  Kent,  Capt  Gregg 
Unnever  and  Robert  Guyton  for  their  assistance  in  the  project. 


B 

r> 

<■-> 

r->' 

-■ 


r-.'' 


a 


A 


t 


I.  IKTOODUCnCM 

As  part  of  my  doctoral  work  with  Professor  William  R.  Sears  I 
developed  a  computer  program  which  computes  the  wind  tunnel  wall 
interference  on  model  measurements  for  lew  speed,  solid  wall  tunnels.^" 
Most  of  the  testing  done  in  the  Trisonic  Gasdynamics  Facility  wind 
tunnel  of  AFWAL  is  at  compressible  Mach  numbers  which  usually  go  up  to 
M=.75.  In  addition,  a  large  part  of  these  tests  in  the  TGF  are  conducted 
with  solid  walls.  I  recently  applied  for  and  received  a  RISE  contract 
to  develop  a  code  to  calculate  three  dimensional  wall  corrections  for 
transonic,  solid  wall  wind  tunnels.  This  code  will  use  the  same 
methodology  described  in  ref.l  but  will  include  the  effect  of  compres¬ 
sibility.  This  code  will  be  an  intermediate  stage  in  any  future  effort 
to  produce  a  code  for  slotted  or  perforated  wall,  3-D  transonic  wind 
tunnels  which  will  require  only  a  change  in  the  nature  of  the  inner 
flew  boundary  conditions. 

A  natural  feature  of  the  solid  wall  code  development  is  proving 
it  out  with  actual  data  from  such  a  wind  tunnel.  The  acquisition  of 
this  data  formed  the  bulk  of  the  work  done  under  this  Sumer  Faculty 
Research  Program  effort. 

II.  OBJECTIVES  OF  THE  RESEARCH  EFFORT 

Originally  the  research  objectives  dealt  vrtth  refining  the  low 
speed  wall  corrections  code  and  developing  it  into  a  production 
version  that  could  be  used  in  routine  testing.  These  objectives  were: 

1.  Determine  the  rainimun  number  of  wall  static  pressures 
needed  for  an  improved  wall  correction  in  the  low  speed 
regime  and  their  optimum  distribution.  This  will  be 
done  by  investigating  subsets  of  test  data. 

2.  Develop  a  production  version  of  the  Sears  method  code  for 
routine  use.  Investigate  methods  of  accelerating  con¬ 
vergence  to  unconfined  flow  such  as  step-varying  relaxing 
factor. 

3.  Compare  the  lift  corrections  from  the  Sears  method  with 
those  produced  by  the  Hackett  method. 

After  delays  caused  by  extending  the  previous  test  and  problems  with 
the  pressure  instrumentation,  wall  pressure  data  was  obtained  at  M=>.3. 
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As  discussed  in  the  next  section,  the  quality  of  these  pressure 
differentials  was  too  poor  to  be  able  to  accomplish  the  first  two 
objectives.  The  effort  of  implementing  the  Hackett  method  for 
lift  correction,  which  was  not  a  part  of  this  SFRP  work,  was  not 
successful  so  that  the  comparison  in  objective  3  could  not  be  made. 
Instead,  the  following  was  substituted  as  the  objective  for  this 
1984  SFRP: 

4.  Obtain  wall  pressure  coefficients  on  all  four 

boundaries  in  the  presence  of  the  model  for  the  Mach 
number  range  .6-. 75.  Account  for  sting  and  crescent  inter¬ 
ference.  Cp  is  measured  on  test  section  floor  and  ceiling. 

In  order  to  obtain  equivalent  sidewall  Cp's,  the  model 
is  rolled  90°  and  the  pressures  are  measured  again 
(test  section  is  square) .  Since  the  flow  near  the  wall 
is  linear,  the  effect  of  sting  and  crescent  can  be 
superimposed.  Runs  will  be  made  successively  removing 
the  sting,  the  crescent  and  measuring  the  resulting  Cp's 
on  the  floor  and  ceiling. 

m.  WIND  TUNNEL  WALL  PRESSURE  DISTRIBUTIONS  AT  LOW  MACH  NUMBERS 

The  code  described  in  ref.l  applies  only  to  incompressible  flow- 
fields.  Also,  in  order  to  enable  it  to  be  used  efficiently  in  e  day- 
to-day  production  mode  we  need  to  reduce  the  number  of  perturbation 
pressures  that  are  required  to  be  measured  and  reduce  the  number  of 
iterations  required  for  convergence.  In  order  to  do  this  wall  static 
pressure  measurements  were  made  at  60  points  on  both  the  bottom  and  top 
boundaries  of  the  test  section,  see  Fig  1.  The  importance  of  side 
wall  pressures  was  to  be  investigated  by  rolling  the  model  90°  and 
taking  bottom  and  top  boundary  measurements  again.  These  sidewall 
pressures  were  to  be  checked  against  pressures  on  the  centerline  of  the 
test  section  vertical  boundaries,  see  Fig  2.  In  order  to  determine  the 
Mach  number  limits  in  accuracy  of  the  low  speed  wall  correction  code  runs 
were  planed  at  M=. 5  and  M=.6?  however  the  first  run  was  made  at  M=.3 . 
Figures  3  and  4  contain  the  perturbation  pressures  measured  on  the 
bottom  and  top  boundaries  respectfully.  Here  the  model  nose  is  located 
11.75  in.  ahead  of  the  test  section  window  center-line.  These  distri- 
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butions  are  very  erratic  and  do  not  shew  a  clear  model  effect  even  near 
the  model  location.  The  perturbations  should  diminish  to  zero  at  the  two 
upstream-most  rows  but  instead  they  remain  high  and  the  pcint-to-point 
variations  are  large.  Since  the  wall  correction  code  smooths  the 
data  before  generating  its  boundary  conditions  it  is  clear  that  this 
measured  data  is  too  much  in  error  to  get  meaningful  results  from  the 
wall  correction.  Pressure  tubinq  was  checked  for  leaks,  blown  out  and 
reconnected  in  an  effort  to  fix  the  problem  but  with  little  effect. 

In  the  course  of  the  search  for  the  cause  of  the  bad  data  it  was 
discovered  that  the  wall  pressures  were  oscillating  together  as  much  as 
2  lb/ft^  on  a  frequency  of  4  -  1  cycles  per  second.  Further  investi¬ 
gations  revealed  a  3  in.,  rearward-facing  step  in  the  diffuser.  The 
wall  static  pressure  just  ahead  of  this  step  was  fluctuating  in  phase 
with  the  wall  pressures,  suggesting  the  step  as  the  cause  of  the  test 
section  unsteadiness.  Since  the  problems  with  the  pressures  could  not 
be  solved  in  the  time  allowed  this  summer  the  objectives  associated 
with  the  low  speed  wall  corrections  code  were  abandoned,  as  mentioned 
above.  The  program  then  shifted  to  obtaining  wall  pressure  distributions 
at  transonic  Mach  numbers  which  could  be  used  in  proving  out  the 
transonic  wall  correction  code  being  developed  separately.  The  first 
runs  to  check  data  quality  were  made  at  M=.80.  Perturbation  pressures 
for  an  angle  of  attack  of  5.54  degrees  on  bottan  and  top  boundaries 
are  plotted  in  Figures  5  and  6  respectively.  In  general  the  point- 
to-point  pattern  remains  similiar  to  that  of  the  low  Mach  number  runs; 
however,  the  magnitudes  of  the  variations  are  smaller  fraction  of 
the  absolute  measurements  so  that  the  distribution  is  much  smoother. 

If  one  eliminates  certain  points  that  are  obviously  bad,  such  as  tap  #16, 
then  the  pressure  variation  doesn't  look  too  bad.  Since  the  repeat¬ 
ability  of  the  individual  perturbation  pressures  was  good  and  the 
distributions  displayed  the  right  trends  it  was  judged  that  the  data 
was  probably  usable 

As  seen  in  Figures  5  and  6  there  is  a  large  support  interference 
at  the  downstream  most  rows  of  taps.  The  flcwfield  in  this  region 
is  still  linear  so  that  perturbation  pressures  produced  by  the  sting  and 
angle  of  attack  adjustment  crescent  can  be  superimposed.  To  evaluate 
this  interference  runs  were  made  successively  vith-stxng  and  crescent 
only,  with  crescent  only,  and  finally  no  crescent.  Figure  7  shows 
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that  the  crescent  by  itself  has  virtually  no  effect  on  the  wall 
pressures  but  the  sting  has  a  considerable  effect  and  extends  to  at 
least  5.5  inches  ahead  of  the  window  center-line.  Figure  8  shews  a 
longitudinal  plot  of  model  »  -surements  corrected  for  sting  interfer¬ 
ence  at  M=.76. 

The  11"  wingspan  close-coupled  canard  model,  see  Figure  9,  which 
had  up  to  this  point  only  been  tested  at  the  window  center-line 
position  was  moved  upstream  14  inches  on  a  sting  extension.  The 
window  center-line  angles  of  =3°,  5°,  7°,  9°,  11°,  13°,  15°,  &  17° 
were  repeated  in  the  forward  position.  Also,  in  order  to  get  equivalent 
side-wall  pressures,  the  model  was  rolled  90°  at  each  C(  and  wall 
pressures  were  taken  again.  In  the  rolled  configuration  the  model 
was  matched  with  the  un-rolled  configuration  because  sting  deflection 
due  to  weight  caused  significant  differences  we  were  not  able  to  make 
a  direct  comparison  with  the  window  center-line  runs.  Sting  interfer¬ 
ence  was  again  evaluated  and  subtracted  from  the  model  data. 

IV.  RHXMMENDATIOIS ; 

Because  the  Sears  method  deals  directly  with  boundary  conditions 
of  the  governing  equations  it  is  inherently  exact  and  it  has  been 
shown  that  the  process  converge  to  tie  unique  case  of  unconfined 
flew.  The  largest  source  of  error  is  the  accuracy  of  the  perturbation 
pressure  measurements.  Since  the  method  will  produce  a  more  accurate 
wall  correction  for  large  models  it  is  recommended  that  the  low 
Mach  number  instrumentation  be  studied  and  fixed  so  that  the  wall 
distributions  are  smooth,  vanish  upstream  and  she*,  the  correct  form 
elsewhere. 

In  order  for  the  wall  correction  code  to  be  efficient  in  day-to- 
day  use  the  number  of  data  points  should  be  reduced  and  ways  or 
accelerating  the  convergence  should  be  tried. 

It  is  also  recommended  that  when  the  transonic  wall  correction 
code  is  finished  that  it  be  run  at  M=.2  or  M=.3  and  the  results 
compared  with  those  from  the  lew  speed  code. 
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LEADERSHIP  EFECTS  AS  MEASURED  BY  THE  ORGANIZATIONAL 


ASSESSMENT  PACKAGE:  A  MULTILEVEL  PERSPECTIVE 


Kevin  W.  Mossholder 


ABSTRACT 


The  purpose  of  the  present  research  was  to  conduct  an  exploratory 
analysis  of  leadership  effects  on  selected  factors  measured  by  the 
Organizational  Assessment  Package  (OAP).  A  multilevel  perspective 
examining  individual  and  group  leadership  effects  on  attitudinal 
factors  served  as  the  basis  for  the  model  used.  In  accordance  with 
the  contextual  approach  to  mu.tilevel  analysis,  hierarchical  regres¬ 
sion  analysis  was  performed  using  as  subjects  workgroup  members 
from  selected  functional  areas.  Results  suggested  that  additional 
understanding  of  leadership  effects  may  possibly  bv  gained  by  utiliz¬ 
ing  a  multilevel  framework.  Recommendations  were  made  regarding 
the  conceptualization  of  leadership  as  measured  by  the  OAP  and  sugges¬ 
tions  were  offered  concerning  the  consulting  process  as  well  as 
future  research. 
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I.  INTRODUCTION 


The  Leadership  and  Management  Development  Center  (LMDC)  is 
a  multifaceted  organization  whose  oroad  goal  is  to  enhance  leadership 
and  management  processes  of  the  Air  Force  personnel  worldwide. 

The  impetus  for  establishing  the  LMDC  can  be  traced  back  to  1973 
and  the  proposal  for  a  volunteer  force.  Faced  with  the  recognition 
that  it  would  have  to  compete  for  available  human  resources,  the 
Air  Force  established  a  task  force  (Air  Force  Management  Improvement 
Group — AFMIG)  to  consider  enhancing  the  nontechnical  aspects  of 
Air  Force  life.  A  first  step  in  fulfilling  this  goal  was  the  design 
and  administration  of  a  survey  assessing  active  duty  personnel's 
perceptions  of  nonjob  factors  (e.g.  leisure  time  and  health)  and 
job-related  factors  (e.g.  the  work  itself  and  leadersliip/supervis ion) . 
The  sample,  consisting  of  more  than  38,000  military  members,  spouses 
and  civilian  employees,  represented  117.  of  the  Air  Force's  personnel 
strength.  A  key  finding  of  the  survey  was  that  while  817.  of  those 
surveyed  felt  leadership  and  management  were  important,  717.  also 

felt  the  quality  of  Air  Force  leadership  and  management  was  "average" 

„  ..32 

to  "poor." 

In  response  to  these  findings,  the  LMDC  was  established  as 
part  of  Air  University  of  Maxwell  Air  Force  Base.  The  LMDC  was 
charged  with  leadership  and  management  education  for  the  Air  Force. 

It  also  offered  leadership  and  management  consultation  to  Air  Force 
commanders  providing  them  with  data  on  leadership  and  organizational 
trends.  The  consulting  process  used  by  the  LMDC  may  be  described 
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brieflv  in  Che  following  fashion: 

1.  Invitation  and  initial  contact.  A  wr.tcen  request  from 

an  Air  Force  Commander  must  be  made  before  the  consultation  process 
can  ensue.  Given  this  condition,  an  LMDC  consultant  explores  interven¬ 
tion  possibilities  with  the  client  group.  A  contract  for  services 
is  agreed  upon  by  the  LMDC  and  client  which  outlines  consulting 
processes  and  goals. 

2.  Data  collection  and  analysis.  Data  relevant  to  the  client 
organization's  leadership  and  management  processes  and  work  environs 
are  obtained  through  a  variety  of  sources  (e.g.,  mission  statements, 
interviews  with  supervisors,  open-ended  questionnaires).  A  principal 
source  of  information  derives  from  the  Organizational  Assessment 
Package  (OAP),  administered  to  client  personnel.  The  OAP  was  devel¬ 
oped  jointly  by  LMDC  and  the  Air  Force  Human  Resources  Laboratory 

21 

at  Brooks  Air  Force  Base.  The  OAP  is  a  109-item  self-report  ques¬ 
tionnaire  which  caps  areas  like  job  satisfaction,  supervision  and 
management,  and  organizational  climate,  among  others.  (Additional 

information  concerning  studies  of  the  OAP's  reliability  and  validity 

39 

may  be  found  in  Short,  Hightower,  &  Snow.  )  OAP  data  is  analyzed 
in  such  a  way  as  to  permit  the  consultant  to  determine  weaknesses 
and  strengths  of  the  client  organization  as  perceived  by  the  respon¬ 
dents.  Norm-based  feedback  materials  are  developed  for  work  groups 
having  four  or  more  members  completing  the  survey. 
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3.  The  tailored  visit.  The  client  organization's  commander 
is  briefed  or.  the  general  condition  of  the  organization.  Feedback 
is  carried  down  to  the  work  group  supervisor  level  to  give  supervi¬ 
sors  information  about  their  work  groups.  Where  OAP  analysis  has 
identified  problem-,  suitable  invention  techniques  are  employed 

to  induce  desired  changes. 

4.  Fo  1  low-up .  After  sixteen  weeks,  post-engagement  surveys 
are  mailed  to  the  client  organization  to  gather  information  about 

the  intervention  from  the  commander  and  supervisors.  At  approximately 
six  months,  LMDC  consultants  collect  post-intervention  OAP  data 
which  is  compared  to  the  pre-intervention  visit  in  order  to  determine 
if  changes  have  occurred.  Comparative  information  is  given  to  the 
client  organization  in  the  form  of  a  final  report,  marking  the  termina¬ 
tion  of  the  formal  consultation  process.  Commanders  may,  of  course, 
request  additional  consulting  visits  at  future  dates. 

A  primary  purpose  of  the  consulting  process  is  to  provide  informa¬ 
tion  to  the  client  organization  so  it  may  rectify  deficiencies  in 
its  organizational  and  management  processes.  For  such  information 
to  be  maximally  useful,  two  conditions  should  hold.  First,  the 
means  by  which  data  are  collected  should  exhibit  the  traditional 
measurement  requisites  of  reliability  and  validity.  The  key  instrument 

used  in  the  consulting  process,  the  OAP,  has  been  examined  for  these 

39 

characteristics  and  appears  to  demonstrate  adequate  levels  of  both. 
Second,  an  acceptable  theoretical  framework  should  exist  to  guide 
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the  organizational  interventions  to  bring  about  intended  changes. 

With  respect  to  the  use  or  OAP  information,  it  seems  that  less  work 
has  been  directed  toward  this  condition. 

Additional  theoretical  delineation  of  the  OAP's  use  in  consulting 

could  lead  to  better  integration  among  measures  and  greater  continuity 

19 

between  the  consultative  and  evaluative  efforts  within  LMDC. 

Such  constructive  theory  building  could  be  pursued  along  the  lines 
of  both  process  and  content  perspectives.  With  respect  to  the  LMDC's 
consultative  mission,  a  process  perspective  would  refer  to  the  theoret¬ 
ical  model  guiding  interventions  into  client  organizations.  The 

33 

model  utilized  by  LMDC  in  this  regard  stems  from  Mann's  survey 

feedback  approach.  Little  theoretical  work  is  required  of  this 

model  since  its  utility  has  been  documented  in  the  organization 

3 

development  literature. 

From  a  content  perspective,  which  is  one  referring  to  relation¬ 
ships  among  variables  of  interest,  there  is  room  for  additional 
theoretical  development.  The  LMDC  has  employed  two  general  frameworks 

in  considering  relationships  among  OAP  components.  A  contingency 

20 

approach  served  as  the  foundation  for  development  of  the  OAP  while 
a  systems  model  (input,  throughput,  output)  is  presently  followed. 

These  frameworks  are  recognized  as  serving  largely  descriptive  func¬ 
tions.  That  is,  though  providing  a  means  of  understanding  broad 
organizational  phenomena,  they  possess  less  power  in  explaining 
relationships  among  components  within  more  narrow  substantive  areas 
like  those  appearing  in  the  OAP.^’^  For  this  reason,  a  look  at 
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particular  OAP  variables  and  factors  using  more  specific  theoretical 
models  could  have  utility. 

Some  background  on  theory  building  (modeling)  in  applied  areas 
is  now  provided  to  better  convey  the  thrust  of  the  current  research 
project.  The  data  collection,  intervention,  and  consulting  activities 
of  the  LMDC  underscore  the  applied  nature  of  its  mission.  With 
respect  to  building  models  germane  to  organizational  application, 
it  is  important  that  those  who  will  use  outcomes  of  the  theory  play 
a  role  in  defining  the  content  of  the  model.  It  is  difficult  to 
say  meaningful  things  about  the  real  world  without  starting  in  the 
real  world.  Sound  observation  and  description  of  target  behavior 
is  one  step  down  the  road  to  useful  theoretical  models.  The  key 
instrument  used  in  the  consulting  process  is  illustrative  of  these 
notions.  OAP  content  has  been  built  through  an  interaction  of  (a) 
consultants  having  experience  in  confronting  work/nonwork  facets 
of  Air  Force  life  and  (b)  analysts/specialists  having  a  more  conceptual 
comprehension  of  the  same  facets.  And  yet,  few  attempts  appear 
to  have  been  made  concerning  how  such  facets  interact.  In  that 
a  major  point  of  congruence  between  consultants  and  analysts  is 
their  goal  to  improve  undesirable  situations  in  the  field,  building 
more  focused  models  of  the  processes  encountered  is  a  natural  out¬ 
growth  of  LMDCs  prime  function. 

Although  the  problem-solving  orientation  of  applied  research 
may  shift  somewhat  the  emphasis  among  facets  of  theory  building, 
the  overall  process  is  the  same  whether  intended  for  immediate  applica¬ 
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cion  or  further  scientific  rumination.  This  process,  described 
by  Dubin,^  is  seen  as  involving  che  following  conditions. 

(1)  Things,  variables,  or  units  whose  interactions  constitute 
the  subject  matter  of  attention. 

(2)  Laws  of  interaction  among  units  etc.  of  the  model  specify¬ 
ing  how  these  units  interact. 

(3)  Boundaries  which  are  set  forth  to  describe  the  limits 
within  which  the  theory  operates. 

(4)  System  states  reflecting  conditions  under  which  units 
etc.  interact  differently  and  mirror  the  complexity  of 
the  system  in  which  the  model  operates. 

Addressing  these  basic  conditions,  those  expecting  to  use  the 
model  may  develop  propositions  for  empirical  testing.  After  suffi¬ 
cient  cycles  of  tescing  (and  usually  revision),  the  resultant  model 
is  ready  for  application.  Certainly,  the  development  of  and  subse¬ 
quent  validation  work  with  the  OAP  nteasure^’40  has  followed  Dubin's*0 
description.  It  seems  consistent  to  continue  research  to  suggest 
improvements  in  using  OAP  information. 

II.  OBJECTIVES 

The  objective  of  this  report  is  to  begin  addressing  some  substan¬ 
tive  concerns  involving  components  measured  by  the  OAP  instrument. 

In  essence,  this  research  represents  an  effort  at  theory  building 
in  an  applied  area  since  the  variables  examined  are  employed  by 
LMDC  in  its  consulting  mission.  Because  the  OAP  contains  factors 
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that  have  been  configured  in  the  organizational  literature  into 
various  theoretical  models,  it  was  necessary  to  limit  the  substantive 
scope  of  this  report  to  factors  of  greater  interest  to  the  Air  Force 
overall.  Since  a  key  stimulus  for  establishing  the  LMDC  was  a  concern 
about  Air  Force  leadership  and  management  capabilities,  this  area 
was  chosen  for  study.  The  research  model  developed  includes  OAP 
factors  that  are  relevant  to  understanding  management  and  supervisory 
influences  impacting  on  subordinates. 

The  model  will  examine  management  and  supervisory  influences 
as  potentially  affecting  subordinates  as  individuals  and  as  members 
of  intact  work  groups.  Any  modeling  approach  considering  effects 
across  conceptually  different  units  of  analysis  (i.e.  the  individual 
and  the  work  group)  can  be  viewed  as  falling  within  a  so-called 
multilevel  perspective  of  organizational  behavior.  This  perspective 
is  especially  relevant  to  leadership  and  related  phenomena  like 
management  and  supervisory  behavior.  Given  the  applied  theoretical 
bent  of  the  project,  it  is  anticipated  that  a  clearer  understanding 
of  management  and  supervisory  influences  will  have  import  for  interven¬ 
tion  and  data  collection  activities  relating  to  such  influences. 

Ill .  LEADERSHIP  CONSIDERATIONS  AND  A  MULTILEVEL  APPROACH 

Leadership  concepts  and  the  OAP 

The  focused  nature  of  this  report  militates  against  in-depth 

consideration  of  the  leadership  concept.  Suffice  it  to  say  that 

2 

leadership  has  been  defined  in  many  ways.  A  common  thread  among 
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definitions  is  that  of  interpersonal  influence,  occurring  when  a 
person  is  moved  because  of  something  another  person  does  (as  opposed 

to  responding  because  of  some  impersonal  organizational  policy). 

25 

Leadership  is  both  a  process  and  a  property.  The  use  of  noncoercive 

influence  to  direct  activities  of  subordinates  toward  accomplishment 

represents  the  process  component  of  leadership.  As  a  property, 

it  may  be  considered  as  the  set  of  characteristics  attributed  to 

persons  who  are  perceived  to  successfully  use  such  influence.  For 

organizational  contexts,  it  is  useful  to  consider  another  point 

about  leadership.  In  the  form  of  interpersonal  influence,  leadership 

can  occur  in  both  formal  and  informal  guises.  Formal  leadership 

exists  when  an  individual  operates  from  an  authority  position. 

Informal  leadership  occurs  when  a  person  exerts  influence  on  others 

without  having  been  designated  as  an  authority  figure. 

Item  loadings  on  the  OAP  "leadership"  factor  —  Management 

and  Supervision  —  suggest  it  is  measuring  largely  formal  leadership 

activities.  Without  belaboring  the  issue,  this  focus  indicates 

the  OAP  is  probably  addressing  management  and  supervisory  processes 

23 

more  than  leadership.  In  behavioral  terms,  supervision  is  inter¬ 
preted  as  involving  the  use  of  position-based  power  (reward,  coercive, 
and  legitimate  —  see  reference  14)  while  leadership  involves  more 
personal-oriented  power  bases  (expert  and  referent).  Of  course, 

it  is  difficult  to  distinguish  leadership  and  supervision  when  these 

,  .  .  ,  24 

processes  occur  in  applied  settings. 
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The  above  comments  serve  to  introduce  the  phenomenon  examined 
in  this  report.  Although  the  content  of  the  OAP  Management  and 
Supe-vision  (M&S  hereafter)  factor  seems  to  favor  formal  leadership 
processes,  the  model  introduced  below  applies  to  either  formal  or 
informal  leadership.  In  reviewing  relevant  literature,  the  terms 
"leadership"  and  "supervision"  are  used  interchangeably  to  maintain 
consistency  with  studies  examined. 

Individual  and  group  level  perspectives  on  leadership 

In  hierarchically  structured  organizations  like  those  commonly 
found  in  the  military,  leadership  influence  processes  unfold  within 
group  contexts.  Units  tend  to  have  well-defined  functions  and  clear 
delineations  of  authority.  Subordinates  have  designated  reporting 
relationships  with  supervisors  responsible  for  controlling  their 
direction  and  effort.  In  such  a  leadership  environment,  one  can 
envision  two  ways  in  which  subordinates  are  affected  by  supervisory 
influence.  The  supervisor  may  influence  subordinates  as  a  group 
and/or  as  individuals.  In  the  case  of  the  former  effect,  subordinates 
could  be  expected  to  react  in  basically  the  same  way  to  the  supervi¬ 
sor's  leadership  efforts  while  with  the  latter  effect  they  would 
be  expected  to  show  more  variation  in  their  responses.  The  perspec¬ 
tive  holding  that  subordinates  tend  to  respond  similarly  to  the 
leader  has  been  labeled  the  Average  Leadership  Style  (ALS)  approach 
while  the  perspective  allowing  for  meaningful  variation  in  subordinate 
responses  has  been  labeled  the  Vertical  Dyad  Linkage  (VDL)  approach. 
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Since  both  perspectives  will  be  considered  in  the  model  proposed 
by  this  report,  each  is  briefly  reviewed. 


Average  Leadership  Style  Perspective 


Most  traditional  approaches  to  leadership  focus  on  the  formally 
des'gnated  leader,  seeking  to  determine  the  behavioral  patterns 

2 

that  result  in  the  maximal  effectiveness  for  the  leader's  unit. 

This  search  has  led  most  approaches  to  propose  dimensions  thought 
to  best  describe  leadership  behaviors  crucial  to  influencing  the 
unit.  For  example,  the  Ohio  State  studies  of  leadership  dimensions 
—  initiating  structure  and  consideration  —  resulted  from  research 
of  this  vein.^  Given  basic  dimensions,  the  task  then  becomes  dis¬ 
covering  the  mix  of  the  dimensions  that  influences  the  unit  to  con¬ 
tribute  to  organizational  effectiveness.  The  leader  is  assumed 
to  be  responsible  for  the  summative  output  of  the  unit.  At  the 
extreme,  the  leader  is  viewed  as  influencing  persons  comprising 
the  unit  much  as  one  would  operate  a  machine,  and  set  procedures 


are  established  for  maintaining  maximal  influence. 

Finding  the  best  mix  of  leadership  dimensions  or  best  average 


leadership  style  involves  two  assumptions.  First,  it  is  assumed 
that  the  leader's  behavior  toward  subordinates  is  consistent  over 
time  and  homogeneous  across  group  members  such  that  his/her  behavior 
needs  only  to  be  averaged  to  represent  total  leader  behavior.  The 
variance  in  behavior  around  the  averaged  style  is  assumed  to  be 
random  as  the  leader's  behavior  is  not  viewed  as  depending  on  particu- 
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lar  relationships  he/she  may  have  with  various  subordinates.  A 
second  assumption  of  the  approach  is  that  subordinates'  perceptions 
of  leader  behavior  are  homogeneous.  That  is,  subordinates  react 
to  the  leader's  influence  attempts  in  essentially  similar  manners. 

Figure  1  depicts  these  assumptions  and  the  ALS  approach. 

A  typical  way  of  assessing  leadership  style  within  the  ALS 
approach  is  to  use  the  subordinate  group  as  the  unit  of  analysis. 

With  each  group,  the  behavior  of  the  leader  is  described  by  subordi¬ 
nates,  who  should  be  in  a  position  to  observe  the  leader  across 
time  and  situations.  Operationally,  the  ALS  approach  stipulates 
that  an  aggregate  score,  usually  an  arithemetic  mean,  be  calculated 
to  represent  the  true  style  of  the  leader.  In  allowing  a  mean  to 
represent  the  leader's  style,  the  homogeneity  assumptions  concerning 
leader  behavior  and  subordinate  reaction  are  accepted  as  fact. 

Averaging  over  descriptions  of  group  members  thus  reduces  measure¬ 
ment  error:  positive  biases  of  one  member  tend  to  cancel  the  nega- 

38 

tive  biases  of  another  member. 

For  this  operationalization  to  be  valid,  leader  behavior  cannot 
be  contingent  upon  personality  (needs  or  abilities)  or  the  situation 
of  particular  group  members.  Although  not  extensive,  research  sup¬ 
ports  some  implications  of  the  ALS  position,  showing  there  is  a 

moderate  amount  of  agreement  in  the  way  subordinates  describe  their 

12  13 

leaders.  Interrater  correlations  group  around  .6.  ’  More  recently, 

Schriesheim-57  found  a  high  similarity  between  individual-oriented 
and  group-oriented  leadership  descriptions  by  subordinates.  Thus, 
there  may  be  general  behavioral  patterns  that  subordinates  recognize 
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and  respond  to. 

Given  moderate  subordinate  agreement  in  describing  leader  behav¬ 
ior,  some  researchers  have  been  disposed  to  postulate  group  level 
relationships  between  leader  behavior  and  other  organizational  vari- 

4 

ables.  For  example,  Bell  hypothesized  that  the  degree  of  perceived 
looseness  of  supervision  would  be  negatively  correlated  with  the 
degree  of  task  structure.  Differences  were  anticipated  in  "loose¬ 
ness"  among  supervisors,  in  structure  among  work  groups,  and  these 
differences  were  held  to  be  corre lated .  Aggregate  scores  in  perceived 
supervisory  looseness  were  used  to  represent  collective  group  re¬ 
sponses. 

It  is  worth  noting  that  the  manner  in  which  the  OAP's  M&S  factor 
is  treated  in  the  consultation  process  would  suggest  that  the  ALS 
approach  has  been  adopted  as  the  approach  of  choice.  Mean  score 
information  is  fed  back  to  supervisors  to  apprise  them  of  how  their 
groups  stand  in  regard  to  similar  groups  and  Air  Force  groups  as 
a  whole.  The  implication  is  that  differences  between  supervisors 
(between  group  differences)  are  of  greatest  importance  and  that 
interventions  offered  by  the  consultants  will  operate  from  this 
perspective.  Of  course,  rarely  would  persons  working  in  applied 
settings  consciously  deny  the  existence  of  subordinate  perceptual 
or  response  differences  within  target  groups.  However,  considering 
theoretical  implications  of  the  ALS  approach  serves  to  stimulate 
consideration  of  an  equally  likely  leadership  perspective  that  is 
quite  different. 
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Vertical  Dyad  Linkage  perspective 

One  alternative  to  the  ALS  approach  is  the  Vertical  Dyad  Linkage 
9  15 

(VDL)  approach.  ’  The  VDL  approach  makes  the  following  assumptions 
about  the  leadership  context.  First,  leader  behavior  is  dependent 
upon  relationships  with  particular  group  members.  This  suggests 
that  leader  behavior  will  be  more  homogeneous  toward  individual 
members  than  members  on  the  average.  That  is,  variation  in  leader 
benavior  will  be  less  around  the  average  for  each  particular  member 
than  around  the  averaged  style  as  computed  in  the  ALS  approach. 

Within  the  ALS  perspective,  when  leader  behavior  is  described  by 
subordinates,  deviations  of  their  observations  from  the  averaged 
style  are  considered  as  error.  The  VDL  perspective  holds  that  individ¬ 
ual  member's  observations  may  vary  meaningfully  and  this  variance 
should  be  examined.  A  second  assump.ion  of  the  VDL  perspective 
is  that  a  group  may  be  heterogeneous  with  respect  to  members'  percep¬ 
tions  and  reactions  to  leader  behavior.  In  sum,  the  unit  of  analysis 
in  studying  leadership  should  be  the  dyadic  relationship  between 
the  leader  and  subordinate.  This  position  is  in  opposition  to  the 
ALS  perspective  and  is  depicted  in  Figure  2. 

Holding  that  leader  behavior  is  conditioned  by  relationships 
between  the  leader  and  individual  members,  the  VDL  perspective  accepts 
the  possibility  that  certain  members  may  have  higher  (or  lower) 
interdependence  with  the  leader  than  other  members.  In  other  words, 
key  members  (or  unimportant  members)  may  exist  within  the  group, 
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something  not  possible  from  a  strict  ALS  framework.  The  emergence 

of  differing  relationships  between  a  supervisor  and  group  members 

can  be  explained  using  social  exchange  notions  to  describe  influence 

9 

processes  used  by  the  supervisor.  Briefly,  vertical  exchanges 
between  the  superior  and  subordinate  may  involve  formal  and  informal 
influence  processes  (as  noted  in  an  earlier  section  of  this  report). 

In  using  formal  influence,  the  superior  relies  mostly  on  the  employment 
contract,  which  usually  specifies  that  the  subordinate  will  submit 
to  legitimate  authority  regarding  certain  supervisory  requests. 

Minimal  social  exchange  is  needed. 

In  contrast,  when  a  superior  uses  informal  influence  processes, 
the  power  of  the  employment  contract  is  diminished  and  he/she  must 
rely  on  more  interpersonally-oriented  influence  bases.  The  superior 
may  show  greater  (or  lesser)  confidence  in  and  consideration  for 
the  subordinate,  and  offer  more  (or  less)  influence  in  decision 
making  and  job  latitude.  The  subordinate  can  reciprocate  accordingly. 
Overall,  variation  in  superior-subordinate  interdependence  and  rela¬ 
tionship  quality  is  expected  to  occur  and  maximal  social  exchange 
is  required. 

There  is  a  fairly  substantial  body  of  research  indicating  that 

the  VDL  perspective  is  tenable.  For  example,  both  Evans^  and 
1 8 

Graham  found  the  agreement  between  superior  and  averaged  subordinate 
descriptions  of  leader  behavior  to  be  close  to  zero,  indicating 
a  wide  variance  in  perceptions  of  the  supposed  same  behavior.  The 
idea  that  superiors  form  relationships  with  subordinates  varying 
in  level  of  interdependency  or  quality  (e.g.,  subordinates  classified 
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as  having  in-  or  out-group  status)  has  been  documented  and  shown 

to  determine  various  leadership  outcomes  such  as  subordinate  satisfac- 

9  17  31  41  42 

tion,  job  problems,  etc.  ’  ’  ’  It  appears  that  the  VDL  approach 

does  present  an  alternative  view  of  leadership  processes  than  that 
ad 'anced  by  the  ALS  perspective. 

Combining  individual  and  Rroup  perspectives:  The  multilevel  approach 

The  existence  of  two  seemingly  opposed  perspectives  presents 

0 

problems  for  those  both  studying  and  exercising  leadership.  Most 

individuals,  whether  first-line  supervisors,  CEO's,  or  military 

personnel,  realize  the  ALS  approach  may  be  inadequate:  leaders 

cannot  treat  all  subordinates  similarly.  Likewise,  practitioners 

find  the  VDL  approach  of  multiple  unique  individual  relationships 

is  not  a  totally  acceptable  description  of  real  life:  subordinate 

feelings  of  inequity  as  well  as  drains  on  the  leader's  time  would 

occur.  There  must  be  some  core  of  consistency  if  leaders  are  to 

be  successful.  It  is  because  of  such  theoretical  predicaments  that 

hybrid  or  multilevel  models  of  leadership  have  been  developed. 

The  multilevel  perspective  supports  the  notion  that  leadership 

influences  function  at  both  the  individual  and  group/aggregate  level. 

Proponents  suggest  twat  level  of  analysis  issues  created  by  ALS 

vs.  VDL  models  should  not  be  addressed  in  either-or  terms. ^  Generally, 

multilevel  analysis  refers  to  analytical  procedures  that  partition 

effects  at  one  or  more  levels  of  analysis  among  variables  belonging 

to  separate  levels  of  analysis,  such  as  to  individuals  and  to  groups 
35 

they  comprise.  In  the  case  of  the  ALS  and  VDL  leadership  models, 


multilevel  analysis  may  be  of  value  in  determining  if  both  models 

simultaneously  explain  leadership  effects.  Recent  multilevel  research 

examining  leadership  influences  has  tended  to  support  the  notion 

that  leadership  influences  can  be  detected  using  both  indi vidua  Is 

,  ,  28,41 

and  groups  as  the  unit  of  analysis. 

With  reference  to  the  M&S  factor  on  the  OAP,  it  was  noted  that 
items  measuring  formal,  group-oriented  leadership  processes  predomi¬ 
nate.  Formal  leadership  influences  are  identified  with  conditions 

9 

that  tend  to  result  in  similar  responses  on  the  part  of  subordinates. 

As  such,  one  might  expect  that  the  group  as  a  unit  of  analysis  perspec¬ 
tive  (ALS)  would  be  appropriate  in  treating  OAP  data.  However, 
in  a  multilevel  study  involving  Army  National  Guard  members,  within- 
group  effects  (VDL)  were  found  even  though  the  items  used  to  gauge 

leadership  processes  asked  respondents  to  describe  the  leader's 

28 

behavior  toward  the  group.  Thus,  multilevel  tests  with  the  M&S 

19 

factor  may  be  useful.  Additionally,  Green  noted  that  LMDC  consult¬ 
ants  are  instructed  to  evaluate  within-group  score  distributions 
on  the  OAP  even  though  they  probably  pay  more  attention  to  the  compara¬ 
tive  distribution  of  group  means.  It  would  seem  LMDC  consultants 
are  faced  with  evaluative  tasks  that  implicitly  involve  multilevel 
ways  of  thinking  about  leadership. 

The  model  to  be  examined  allows  for  the  possibility  of  both 
individual  (within-group)  and  group  ( between-group )  level  effects 
of  leadership.  This  multilevel  model  is  depicted  in  Figure  3. 

In  keeping  with  most  leadership  research,  the  direction  of  the  arrows 
indicates  the  model  portrays  leadership  processes  as  resulting  in 
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various  work-related  outcomes  (see  reference  30).  These  outcome 

variables  are  ones  available  from  the  OAP,  are  likely  reactions 

to  leadership  influences,  and  commonly  appear  in  ALS  and  VDL 

31  37 

studies.  *  It  should  be  noted  that  as  an  exploratory  study, 
this  report  will  not  attempt  to  establish  the  proposed  model  as 
the  optimal  one:  this  is  a  matter  for  confirmatory  analysis.  At 
the  same  time  though,  variants  of  this  model  are  found  throughout 
recent  leadership  literature  and  thus  it  does  have  sufficient  theoreti 
cal  underpinnings  to  warrant  examination. 

IV.  METHODOLOGY 

Sample 

The  sample  consisted  of  individuals  selected  using  work  group 
codes  employed  by  LMDC  to  classify  units  into  functional  areas. 

The  four-digit  work  group  codes  of  groups  selected  and  the  number 
of  groups  within  each  code  are  listed  in  Table  1.  LMDC  personnel 
familiar  with  the  data  base  inspected  work  group  code,  base,  and 
batch  information  to  insure  that  those  identified  were  from  the 
same  groups  (i.e.  individuals  reporting  to  the  same  supervisor). 

It  should  be  noted  that  because  data  are  collected  only  from  personnel 
who  are  available  and  volunteer  to  respond  to  the  OAP,  responses 
of  entire  work  groups  are  not  captured  intact.  Assuming  there  are 
no  systematic  explanations  for  "no  shows"  in  the  data  collection 
process,  partial  group  responses  should  not  cause  problems  for  the 
study.  Work  groups  for  the  study  consisted  of  at  least  four  but 
no  more  than  ten  respondents.  Unit  size  was  constrained  to  be  rather 
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homogeneous  to  guard  against  unit  size  effects  that  could  influence 
worker  affective  reactions  independently  of  leader  behavior . ^ 
Measures 

Measures  used  had  been  developed  through  a  series  of  OAP  factor 
analyses.  A  description  of  the  OAP  and  information  concerning  psycho¬ 
metric  characteristics  of  derived  factors  may  be  found  in  Short 
39 

et  al.  The  factors  appeared  to  be  adequate  in  a  measurement  sense 
for  use  in  an  exploratory  effort.  Specific  factors  were;  Management 
and  Supervision  —  M&S  (V818),  perceived  degree  to  which  the  leader 
provides  guidance,  support,  and  establishes  c tandards/good  work 
procedures;  Work  Group  Effectiveness  (V821),  one's  perception  of 
the  quantity,  quality,  and  efficiency  of  the  work  group;  Job  Perfor¬ 
mance  Goals  (V810),  one's  perception  of  how  clear,  difficult,  and 
realistic  performance  goals  are;  and  Supervisory  Communications 
Climate  (V819),  perceived  degree  of  supervisory  rapport,  encouragement, 
and  feedback.  Job  Satisfaction  (V723)  a  one-item  global  indicator, 

measured  satisfaction  with  the  job  as  a  whole.  The  use  of  such 

36 

a  satisfaction  measure  has  been  supported  elsewhere.  The  wording 
of  items  tapping  reactions  to  leader  behavior  revealed  they  were 
perceptually-based.  Thus,  the  factors  they  comprised  were  considered 
as  individual  level  operationalizations.  A  group  level  operationaliza¬ 
tion  of  M&S  was  formed  by  calculating  aggregated  scores  (means). 

Though  aggregation  using  means  is  not  the  only  way  of  representing 

group  level  phenomena,  it  is  the  most  common  technique  found  in 

35 

the  organizational  literature. 
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Analysis 


A  hierarchical  regression  approach  to  multilevel  analysis, 

contextual  analysis,  was  employed. ^  Basically,  this  study  followed 

28 

variance  partitioning  procedures  employed  by  Katerberg  and  Horn, 

41  42 

and  Vecchio,  *  among  others,  to  test  for  within-  and  between-group 

leadership  effects.  Mean  M&S  scores  were  assigned  by  group  to  each 

group's  respondents  and  outcome  variables  were  regressed  on  these 

2 

M&S  scores.  The  resultant  squared  multiple  correlation  (R  )  generated 

for  each  outcome  variable  represented  the  proportion  of  variance 

in  respondents'  outcomes  that  could  be  explained  by  supervisor  differ- 

2 

ences  across  work  groups.  In  other  words,  this  R  indicates  how 

well  the  ALS  model  fit  the  data.  Respondents'  raw  M&S  scores  were 

included  next  in  the  regression  equations  in  addition  to  the  M&S 

2 

group  mean  scores.  Resultant  increases  in  R  have  been  argued  to 
represent  incremental  explanatory  effects  of  within-supervisor  differ¬ 
ences  (VDL  model)  on  the  outcome  variables.  It  should  be  noted 

that  other  approaches  to  examining  within-  and  between-group  effects 

34 

have  been  offered  as  alternatives  to  contextual  analysis.  Though 
currently  most  popular,  it  is  not  clear  that  contextual  analysis 
is  the  best  way  (or  that  there  is  any  best  way)  to  examine  multilevel 
phenomena.  However,  this  issue  is  beyond  the  scope  of  the  present 
study. 
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V.  RESULTS  AND  DISCUSSION 
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Descriptive  statistics  for  the  study  variables  are  shown  in 
Table  2.  All  variables  were  positively  intercorre lated  with  most 
in  the  low  to  moderate  range.  Though  the  individua 1 /aggregate  M&S 
score  correlation  was  higher,  common  variance  between  these  factors 
was  only  moderate.  Supervisory  Communications  Climate  correlated 
highly  with  individual  level  M&S,  indicating  these  factors  may  be 
measuring  aspects  of  the  same  thing.  (These  factors  have  been  com¬ 
bined  in  latest  revision  of  the  OAP). 

Since  some  amount  of  homogeneity  in  subordinate  perceptions 
of  leader  behavior  is  required  before  aggregate  M&S  responses  can 

represent  a  group  level  response,  a  check  on  within-group  homogeneity 

26 

was  performed.  Following  techniques  developed  by  James,  eta  coeffi¬ 
cients  were  computed  and  indicated  that  297.  of  the  total  variation 

in  M&S  scores  was  associated  with  between-group  differences.  Though 

27 

no  formal  guidelines  exist  for  minimal  agreement  levels,  it  was 

felt  this  level  was  sufficient  for  exploratory  purposes. 

Table  3  lists  the  results  of  contextual  analyses  for  all  groups 

involved  in  the  study.  The  first  two  columns  of  Table  3  contain 
2 

the  R  s  generated  by  regressing  the  criteria  on  group  mean  M&S  scores 

only  and  on  group  mean  and  individual  M&S  scores  together.  The 
2 

increment  in  R  obtained  by  considering  the  individual  level  M&S 
variable  in  addition  to  the  group  level  M&S  variable  is  shown  in 
column  3.  Group  level  M&S  accounted  for  generally  small  but  signifi¬ 
cant  amounts  of  variance  in  all  criterion  variables.  Importantly, 
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individual  level  M&S  accounted  for  significant  amounts  of  criterion 
variance  beyond  that  explained  by  group  level  M&S  alone.  In  other 
words,  within-group  variation  in  M&S  responses  explained  criterion 
variance  even  after  the  effects  of  between-group  variation  had  been 
controlled.  These  results  suggest  that  both  the  ALS  and  VDL  perspec¬ 
tives  are  supported  by  the  data. 

With  respect  to  particular  criterion  variables,  the  supervisor's 
feedback  and  encouragement  behavior  (Supervisory  Communications 
Climate — SCC)  provided  the  strongest  evidence  of  VDL  effects.  Un¬ 
doubtedly,  some  of  this  effect  was  due  to  common  method  variance. 
Items  of  the  M&S  and  SCC  factors  contain  some  content  overlap  since 
both  refer  specifically  to  supervision.  Conceptually,  however, 
it  is  not  surprising  that  VDL  effects  would  appear  more  strongly 
with  SCC  as  this  factor  captures  VDL  social  exchange  notions  better 
than  any  of  the  other  criterion  variables.  That  is,  rapport  and 
reward  conditions  measured  by  SCC  would  likely  reflect  the  varying 
quality  of  the  social  (rather  than  formal)  exchanges  that  occur 
between  superiors  and  subordinates.  Analyses  with  Job  Performance 
Goals  and  Work  Group  Effectiveness  variables  revealed  about  the 
same  level  of  support  for  VDL  effects.  Support  for  VDL  effects 
was  weakest  (though  still  significant)  in  connection  with  the  Job 
Satisfaction  measure. 

Some  additional  analyses  were  conducted  to  explore  the  influence 
that  the  social  context  of  the  work  group  might  exert  in  connection 
with  individual  and  group  M&S  effects.  An  informal  criterion  used 
in  sampling  work  groups  for  study  involved  the  degree  that  coordina- 
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tive  effort  or  "teamwork"  was  part  of  the  work  group  function. 

(Note  that  this  criterion  did  not  measure  actual  teamwork  but  was 
based  only  on  a  work  group  code  expert’s  knowledge  of  members’  task 
duties).  Twenty-nine  groups  ( N=  1 7 1 )  whose  jobs  required  more  teamwork 
were  identified  along  with  69  groups  (N=388)  whose  jobs  required 
less  teamwork.  Higher  teamwork  groups  included  firemen,  weapons 
loading/handling,  and  tactical  combat  support  personnel:  lower 
teamwork  classifications  included  base  personnel  office,  securi¬ 
ty  police,  fuel  distribution,  and  shipping  personnel. 

Contextual  analyses  were  run  for  both  high  and  low  teamwork 
samples.  Multilevel  effects  similar  to  those  occurring  in  analyses 
with  the  total  sample  were  found.  One  interesting  exception  resulted, 
however.  For  high  teamwork  groups,  no  significant  VDL  effects  were 
found  with  Job  Performance  Goals  as  the  criterion  variable.  Specula¬ 
tively,  this  may  be  due  to  the  nature  of  team-oriented  tasks  as 
much  as  ALS  effects  per  se.  Though  supervisors  of  such  groups  are 
responsible  for  establishing  goal  clarity,  etc.,  the  interdependency 
of  team  members  would  necessitate  that  members  know  their  task  goals 
as  members  of  a  team.  Individual  perceptions  would  tend  to  be  more 
homogeneous  in  team-oriented  groups  since  members  would  reinforce 
each  other's  goal  awareness  to  increase  the  probability  of  task 
success.  Moreover,  this  perceptual  homogeneity  might  correspond 
with  group  perceptions  of  the  supervisor's  management/supervision 
skills  since  a  supervisor  is  more  likely  to  be  viewed  as  part  of 
the  group  under  team  vs.  nonteamwork  conditions.  In  a  sense,  teamwork 
dynamics  may  have  effectively  served  as  a  "substitute  for  the  formal 
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(ALS)  goal  structuring  leadership  function. 
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Overall,  the  present  study  concurs  with  previous  research 

in  finding  that  leadership  influence  as  measured  by  the  M&S  factor 
operates  at  both  individual  and  group  levels.  In  terms  of  the  ALS 
perspective,  moderate  agreement  was  found  among  subordinate  perceptions 
of  leader  behavior.  Moreover,  a  group  level  indicator  of  leader 
behavior  (i.e.,  aggregate  M&S  scores)  correlated  with  individual 
responses  on  factors  potentially  affected  by  leader  behavior.  From 
the  VDL  perspective,  it  was  found  that  an  individual  level  inuicator 
of  leader  behavior  ii.e.,  individual  M&S  scores)  accounted  for  signifi¬ 
cant  additional  variance  in  criterion  variables.  In  sum,  leader 
influence  was  found  to  operate  in  multilevel  fashion. 

Some  caveats  to  this  study  should  be  noted  before  general  implica¬ 
tions  and  specific  recommendations  are  offered.  First,  this  study 
was  exploratory  in  the  sense  chat  a  conceptually  and  empirically 
supported  model  was  applied  for  the  first  time  within  an  Air  Force 
context.  The  sampling  procedure,  though  guided  by  work  group  size 
and  function  considerations,  was  one  of  convenience.  Complete  intact 
work  groups  were  probably  not  sampled.  Future  research  along  the 
lines  cf  this  study  should  consider  more  representative  sampling 
procedures.  Second,  the  measures  employed  were  from  the  OAP  rather 
than  its  replacement,  the  OAS.  Though  caution  in  generalizing  results 
across  measures  is  advised,  results  found  with  OAP  factors  should 

extend  to  the  OAS  as  multilevel  effects  have  been  documented  using 

41 

a  variety  of  leadership-related  instruments.  A  third  and  final 
caveat  concerns  the  use  of  contextual  analysis  in  multilevel  research. 
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Though  variable  intercorrelations  suggest  minimal  common  method 
variance  problems,  mu  1 1 ic o 1 1 inea r i t y  can  undermine  regression-based 
techniques  like  contextual  analysis.  As  noted,  previously,  there 
are  alternative  means  of  examining  multilevel  phenomena  although 
contextual  analysis  is  currently  the  most  used  technique.  Future 
tests  concerning  multilevel  leadership  effects  might  profitably 
employ  other  techniques  to  insure  robustness  of  the  current  findings. 

VI .  RECOMMENDATIONS 

Recommendations  deriving  from  this  research  effort  follow. 

Ones  relating  more  to  model  building  are  covered  first  followed 
by  recommendations  pertaining  to  leadership  and  work  group  topics. 

1.  With  the  intent  of  producing  a  useful  product,  a  theoretical 
multilevel  leadership  model  was  tested  and  supported.  Further  efforts 
to  discover  meaningful  relationships  among  other  factors  contained 
in  LMDC  survey  instruments  will  yield  a  better  understanding  of 
how  these  content  areas  interrelate.  Such  understanding  could  in 
turn  provide  consultants  with  information  concerning  intervention 
techniques  to  correct  problems  in  specific  areas  (e.g.,  see  recommenda¬ 
tion  U  below).  Knowing  if  (and  which)  factors  have  primacy  in  a 
network  of  causal  relationships  would  permit  consultants  to  intervene 
earlier  in  the  causal  chain,  rectifying  more  primary  than  secondary 
problems.  The  construction  and  testing  of  applied  theoretical  models 
should  be  continued  with  revised  versions  of  the  OAP  (i.e.,  the 
OAS).  Relevant  connections  between  the  OAS  and  the  other  survey 
instruments  (e.g.,  Family  and  Spouse  Survey)  should  also  be  pursued. 
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2.  Just  as  multilevel  sursrvisory  effects  were  discovered, 
so  too  may  multilevel  effects  be  uncovered  in  other  content  areas 
(combat  readiness,  organizational  climate,  and  stress)  assessed 

by  the  OAP  (and  OAS).  While  it  is  not  suggested  that  only  multilevel 
models  are  worthy  of  investigation,  given  the  hierarchical  structuring 
of  most  Air  Force  organizations,  it  would  seem  prudent  where  appro¬ 
priate  to  consider  unit  of  analysis,  measurement,  and  effect  issues 
in  tescing  future  models.  When  relevant,  multilevel  issues  should 
be  considered  in  building  applied  theoretical  models. 

3.  The  exploratory  tenor  of  this  study  necessitated  some  design 
limitations.  Future  multilevel  research  with  OAP  (and  OAS)  factors 
should  consider  the  following  design  options;  (a)  For  any  N  individ¬ 
uals,  design  strategy  should  maximize  the  number  of  aggregate  units 
sampled;  (b)  When  possible  use  independently  measured  global  variables 
in  addition  to  aggregate  ones;  and  (c)  Use  varying  analytical  ap¬ 
proaches,  e.g.,  contextual  analysis,  analysis  of  covariance,  and 

Q 

within-and-between  analysis.  Option  (a)  guards  against  insufficient 
variability  in  aggregate  characteristics,  option  (b)  provides  for 
a  check  against  the  natural  collinearity  between  individual  responses 
and  aggregates  formed  from  the  same  responses,  and  option  (c)  guards 
against  findings  being  "method-bound." 

4.  The  current  focus  of  consultants  is  on  differences  between 

work  groups  rather  than  differences  in  within-group  perceptions 

19 

of  the  same  supervisor.  Given  the  results  of  the  current  study, 
equal  attention  should  be  paid  the  latter.  Within-group  as  well 
as  between-group  differences  in  perceptions  of  supervisory  behavior 
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should  be  addressed  by  consultants.  Intervention  training  techniques 
that  address  supervisor-member  exchanges  may  be  usefully  applied 
where  there  is  wide  within-group  variation  in  members'  perceptions 
of  the  supervisor.  This  holds  for  groups  registering  lower  and 
higher  mean  M&S  scores.  A  particular  mode  of  training,  called  LMX 
training,^  has  been  shown  to  be  beneficial  in  this  regard. 

5.  With-in  group  standard  deviations  (SD)  of  the  M&S  factor 
are  computed  as  a  tool  to  help  consultants  spot  work  groups  where 
leader-member  exchanges  need  attention.  If  a  reference  sample  were 
identifiable  for  different  types  of  functional  work  groups,  distribu¬ 
tions  of  work  group  SD's  could  be  used  as  yardsticks  to  gauge  when 
work  groups  are  exhibiting  high  within-group  SD's.  Appropriate 
distributions  of  within-group  SD's  should  be  generated.  This  also 
applies  for  other  factors.  For  example,  a  comparatively  high  within- 
group  SD  (regardless  of  mean  level)  on  the  Job  Performance  Goals 
factors  might  indicate  goal  ambiguity  problems. 

6.  The  results  regarding  teamwork/nonteamwork  influences  on 
perceived  supervisory  behaviors  were  tentative.  But,  it  would  be 
worthwhile  to  further  investigate  this  topic  because  of  team  structur¬ 
ing  of  many  Air  Force  jobs.  Consultant  interventions  involving 
supervisory  behavior  may  need  to  be  conditioned  on  the  amount  of 

teamwork  required  by  the  nature  of  processes  operating  in  the  function 
29 

al  area.  Teamwork  influences  on  the  perception  of  leader  behavior 
should  be  further  investigated. 


7.  In  drawing  a  sample  for  the  study,  it  was  difficult  to 
identify  unique  work  groups  because  of  code  limitations.  This  problem 


will  hopefully  be  corrected  by  coding  inprovements  in  the  OAS. 
Nevertheless,  because  many  of  the  factors  measured  by  the  OAP  (and 
OAS)  have  meaning  at  the  work  group  level,  care  should  be  taken 
in  inputing  and  sampling  data  so  unique  groups  can  be  identified 
at  that  level  of  analysis.  Information  used  to  classify  and  identify 
work  groups  should  include  work  group  code,  base,  batch,  and  Julian 
date  (of  cite  visit).  Likewise,  if  other  levels  of  analysis  and 
variables  are  to  be  studied,  say,  the  squadron  level  and  organizational 
climate,  LMDC  should  collect  information  allowing  unique  identification 
of  the  appropriate  focal  units. 

8.  It  was  noted  that  in  this  study,  complete  work  group  re¬ 
sponses  were  not  collected.  Given  that  participation  in  surveys 

is  voluntary,  it  is  not  practical  to  expect  responses  from  the  whole 
work  group.  For  this  reason,  response  rate  percentages  should  be 
calculated  down  to  the  work  group  level.  This  information  will 
help  consultants  determine  representativeness  of  responses  at  the 
level  of  the  work  group  rather  than  some  higher  level. 

9.  Current  OAP  datafiles  aggregate  by  work  group  code.  This 
provides  useful  information  to  consultants  as  they  know  base,  batch, 
and  data  collection  dates.  When  such  information  is  stored  in  a 
permanent  aggregate  datafile,  however,  the  workgroup  code  delineation 
represents  information  aggreg  ted  across  bases  and  batches.  One 
interested  in  unique  work  group  data  must  create  new  files  (as  was 
done  in  the  current  study)  using  work  group  code,  base,  and  batch 
information.  Though  SPSS  facilitates  this,  it  would  be  easier 

for  researchers  to  be  able  to  call  such  information  up  directly 
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file.  The  aggregate  file  should  be 
level  (i.e.,  unique  work  groups). 
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Such  files  should  include  information  identifying  larger  aggregates 
to  which  unique  work  groups  belong  (e.g.,  squadrons)  so  information 
at  higher  levels  cf  analysis  could  be  retrieved. 


Table  1 


Functional  Areas  —  Aggregate  Code  Descriptions 


CODE 

N 

DESCRIPTION 

2D85 

7 

CBPO  Customer  Assistance  Branch — Records  &  Personal 
Affairs 

2D86 

10 

CBPO  Manning  Control — Assignments 

2D87 

4 

CBPO  Quality  Force,  Special  Actions,  Separations 

2E36 

28 

Security  Police — Law  Enforcement 

2C33 

6 

Fire  Station  Personnel 

2C35 

2C36 

10 

Other  Fire  Specialities 

2G39 

1 

Geographically  Separated  Units  (Fire  Stations) 

3585 

1 

Fuel  Storage 

3587 

9 

Fuel  Distribution 

3622 

8 

Household  Goods/Personal  Property  Shipping 

3624 

2 

Air  Freight  Shipping 

464A 

464B 

4735 

4736 

5 

Weapons  Loaders/Handlers 

9A8B 

3 

Radio  Maintenance  Technicians 

9A8D 

4 

Tactical  Air  Combat  Support 

Note:  N  signifies  the  number  of  work  groups  within  each  area. 


Table  2 
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Descriptive  Statistics  and  Intercorrelations  Among  Study  Variables 


Variables 

M 

SD 

2  3 

4 

5 

6 

1 .  M&S 

(  ind ividua  1 ) 

5.17 

1.75 

.54  .21 

.27 

.67 

.31 

2.  M&S 

(group) 

5.17 

.95 

.22 

.20 

.38 

.23 

3.  Job  satisfaction 

4.53 

1.99 

.24 

.23 

.30 

4.  Job  Performance 

4.80 

1.33 

.28 

.32 

goa  Is 

5.  Supervisory 

4.81 

1.90 

.26 

communica t ions 
c 1 imate 

6.  Work  group 

effect iveness 

5.41 

1.48 

Note:  All  correlations 

are  significant, 

p.  <  .001,  N  = 

559. 

VI 


Table  3 


Effects  of  Within-  and  Be tween-Group  Leadership  Variation 


Criterion  Variables 

r‘ 

Agg* 

> 

Agg.+Ind. 

AR2 

Job  satisfaction 

.05 

.06 

.01 

Job  performance 

.04 

.08 

.04 

goals 

Supervisory 

.15 

.45 

.30 

communications  climate 

Work  group 

.05 

.10 

.05 

effect iveness 

2  2 

Note:  All  R  s  and  R  increments  are  significant  (p<.001). 

Agg.  =  Aggregate  M&S  scores,  Ind.  =  Individual  M&S  scores. 
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Figure  3 

Proposed  Multilevel  Model  of  Leadership  Effects 
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James  J.  Mrotek 
ABSTRACT 

Y-l  mouse  adrenal  tumor  cells,  and  a  human  neoplastic, 
respiratory  tract,  fibroblast  cell  line,  HEp-2,  were 
examined  using  laser  Raman  spectroscopy.  Methods  were 
designed,  and  their  efficacy  tested,  to  produce  cell 
suspensions  for  use  in  the  Raman  spectrometer.  Because 
differentiated  cellular  function  depends  on  large  con¬ 
centrations  of  certain  unique  intracellular  molecules, 
attempts  were  made  to  determine  whether  characteristic 
Raman  spectra  would  be  produced  by  intracellular  HEp-2 
or  Y-l  molecules  irradiated  with  a  laser  beam  tuned  to 
one  of  several  wavelengths.  Using  514  and  488  nm  data 
obtained  from  both  cell  lines  was  encouraging  but  incon¬ 
clusive  because  of  insufficient  replication.  Y-l  exper¬ 
iments  using  476.5  nm  involved  runs  repeated  on  the 
same  sample,  runs  on  different  samples,  and  a  run  on  a 
pool  of  three  different  cell  generations.  This  wave¬ 
length  produced  what  appeared  to  be  several  characteris¬ 
tic  Y-l  emissions;  some  of  these  were  analogous  to 
emissions  others  previously  obtained  from  carotenoids 
and  heme-containing  proteins.  The  Y-l  cells  also  seemed 
to  respond  to  cAMP  stimulation  by  producing  emissions 
that  differed  from  those  of  control  cells.  Detection  of 
476.5  nm-stimulated  emissions  appeared  to  improve  if  a 
parallel  polarizer  was  inserted  between  sample  and 
detector. 
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The  work  described  in  this  report  was  funded  by  a 
RISE  grant  >  83  RIP  15  from  AFOSR/SCEEE,  a  contract  from 
AFOSR/The  Consortium  for  Biotechnology  Research  Center  ♦ 
F33615-83-D-0603,  Task  Order  Number  0008,  and  a  1984 
SCEEE  summer  research  fellowship.  Each  of  these  invest¬ 
igations  was  designed  to  obtain  more  information  on 
Raman  spectroscopy  of  inhibited  and  stimulated,  normal 
and  neoplastic  cultured  human  and  mammalian  cells. 

The  objectives  proposed  for  the  RISE  grant  were  based 
on  problems  encountered  during  the  1983  SCEEE  summer 
research  fellowship.  The  RISE  proposal  was  designed  to 
optimize  methods  for  preparing  and  examining  cell  sam¬ 
ples  in  the  Raman  spectrometer.  The  Utah  consortium 
contract  was  intended  to  provide  funds  for  equipment  to 
be  used  to  rapidly  and  accurately  determine  cell  num¬ 
bers,  to  determine  division  times  of  the  cultured  cells 
being  examined  by  spectrometry  and  to  develop  methods 
for  examining  purified  molecules  that  are  characteristic 
of  cultured  adrenal  cells.  The  1984  AFOSR/SCEEE  summer 
research  fellowship  which  is  the  subject  of  this  report 
provided  the  time  and  living  expenses  to  use  newly 
developed  methods  and  the  equipment. 

In  attempt  to  present  a  complete  and  integrated  des¬ 
cription  of  the  accomplishments  on  this  project,  this 
report  combines  the  results  obtained  using  funds  from 
each  individual  source.  To  avoid  the  appearance  of 
funding  duplication  for  the  same  effort,  care  is  taken 
to  distinguish  which  result  was  obtained  using  funds 
from  a  particular  source. 


I.  INTRODUCTION 

Through  the  use  of  USAF  School  of  Aerospace  Medicine 
lab  director's  funds  and  support,  Dr.  John  Taboada, 
working  in  the  Clinical  Sciences  Division  of  the  School 
of  Aerospace  Medicine,  developed  a  research  program  and 
experimental  facility  to  investigate  the  laser-Raman 
spectroscopy  of  molecules  in  living  systems.  This  ap¬ 
proach  to  clinical  testing  is  directed  toward  improving 
non-invasive  clinical  diagnosis  of  Air  Force  personnel. 

The  object  of  my  1983  collaboration  with  Dr.  Taboada 
was  to  determine  whether  cultured  normal  and  neoplastic 
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mammalian  and  human  cell  types  produced  Raman  spectra 
and  whether  these  spectra  were  modified  by  exogenous 
stimulants.  Since  I  was  familiar  with  properties  of  the 
Y-l  mouse  adrenal  tumor  cell  line  and  its  special  cul¬ 
ture  conditions ,  we  began  the  studies  with  these  cells. 
Cultured  steroid  producing  cells  can  be  used  for  study¬ 
ing  the  internal  and  external  conditions  affecting  ster¬ 
oid  production,  and  Raman  spectra,  because  the  intra¬ 
cellular  molecules  and  steps  involved  in  steroidogenesis 
are  relatively  well  defined. 

THEORETICAL  BACKGROUND  FOR  RAMAN  SPECTROSCOPICAL 
STUDIES: 

Because  a  molecule  interacts  with  the  incident  pho¬ 
tons  with  which  it  is  irradiated,  a  small  number  of 
photons  of  shorter  (anti-Stokes)  or  longer  (Stokes) 
wavelengths  than  those  of  the  original  incident  light 
will  be  scattered  by  the  molecule  during  the  irradia¬ 
tion.  Laser-Raman  spectroscopy  is  performed  by  scanning 
a  range  of  wavelengths  immediately  preceeding,  and  suc¬ 
ceeding,  the  wavelength  of  the  incident  photons  to  de¬ 
tect  photons  scattered  by  the  irradiated  molecules.  In 
theory,  a  given  molecule  will  produce  only  a  limited 
number  of  specific  spectra. 

II.  OBJECTIVES 

The  study  of  molecules  and  cells  using  laser  Raman 
spectrocscopy  is  intended  to  provide  semi-  or  non-inva- 
sive  diagnostic  techniques  to  monitor  the  suitability  of 
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Air  Force  personel  to  perform  their  tasks.  The  promise 
of  laser  Raman  spectrometry  in  carrying  out  this  intent 
is  evident  from  existing  literature  (1-4)  and  from  pre¬ 
liminary  published  and  unpublished  experiments  conducted 
by  Dr.  Taboada  and  me  (5).  However,  much  basic  data 
regarding  the  technique  remains  to  be  obtained.  Fre¬ 
quently  data  acquisition  must  be  deferred  while  solving 
logistical  and  procedural  problems  impeding  progress. 
During  the  past  year  this  report  author  was  funded  by 
three  different  sources:  an  AFOSR/SCEEE  RISE  grant,  a 
contract  from  the  AFOSR/Utah  Consortium  for  Biotechnolo¬ 
gy  Research  and  a  second  SCEEE  summer  research  fellow¬ 
ship.  Each  of  these  grants  and  fellowships  contributed 
to  the  development  of  procedures  designed  to  provide 
information  on  the  experimental  system  to  insure  that 
laser  Raman  data  acquisition  would  be  valid. 

The  objectives  proposed  for  the  RISE  grant  were  based 
on  problems  encountered  during  the  1983  SCEEE  summer 
research  fellowship.  The  RISE  proposal  was  designed  to 
optimize  methods  for  preparing  and  examining  cell  sam¬ 
ples  in  the  Raman  spectrometer.  The  Utah  consortium 
contract  was  intended  to  provide  funds  for  equipment  to 
be  used  to  rapidly  and  accurately  determine  cell  num¬ 
bers,  to  determine  division  times  of  the  cultured  cells 
being  examined  by  spectrometry  and  to  develop  methods 
for  examining  purified  molecules  that  are  characteristic 
of  cultured  adrenal  cells.  The  1984  AFOSR/SCEEE  summer 
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research  fellowship  which  is  the  subject  of  this  report 
provided  the  cime  and  living  expenses  to  use  newly 
developed  methods  and  the  equipment. 

III.  RESULTS 

METHODS  DEVELOPED  TO  PROVIDE  CELLS  FOR  RAMAN 
SPECTROSCOPY 

In  the  summer  of  1983  we  adapted  the  handling  of 
cultured  cells  to  the  system  existing  for  Raman  spectro¬ 
scopy  of  bacterial  cell  suspensions  (see  1983  SCEEE 
Summer  Research  Fellowship  Report).  Using  funds  from 
the  1983  RISE  grant/  the  preliminary  procedures  used  to 
produce  suspensions  in  summer  1983  were  confirmed  during 
trips  to  Brooks  AFB  in  1983-84  and  this  summer  during  my 
summer  research  fellowship.  In  the  discussion  which 
follows  the  rationale  and  difficulties  associated  with 
the  use  of  these  procedures/  and  the  solution  to  these 
difficulties  are  described. 

In  each  of  these  procedures  sterility  was  maintained 
to  avoid  introduction  of  contaminant  microorganisms 
which  would  produce  confounding  Raman  spectra  (1).  Hu¬ 
man  and  mammalian  cells  were  washed  thoroughly  in  a 
nutrient  medium  we  found  experimentally  to  be  non-fluor- 
escent,  Hank's  buffered  salt  solution  (HBSS).  Washing 
removed  the  standard  cell  culture  medium.  Eagle's  mini¬ 
mum  essential  medium  with  Earle's  salts  that  contains 
fluorescent  serums/  vitamins,  amino  acids  and  the  pH 
indicator,  phenol  red.  Since  drastic  changes  in  envirn- 
ment  caused  by  changes  in  incubation  media  might  affect 


physiological  functions,  comparisons  were  made  between 
the  published  compositions  of  HBiTS  and  standard  media  to 
determine  how  compositions  of  each  differed  (Gibco  cata¬ 
log,  Palo  Alto,  CA).  We  found  that  they  did  not  differ 
markedly  (Table  I). 

The  maximum  incubation  period  without  serums,  vita¬ 
mins  and  amino  acids  for  the  cells  was  never  greater 
than  nine  hours.  Y-l  cells  incubated  in  buffered  salts 
for  24  hours  still  produced  steroids  under  these  condi¬ 
tions  (6),  suggesting  that  a  major  physiological  func¬ 
tion  of  these  cellu  was  not  compromised  by  lack  of 
serums,  vitamins  and  amino  acids.  In  our  present  work, 
HEp-2  cells  maintained  24  hours  in  HBSS  before  being 
mixed  with  the  live/dead  stain,  trypan  blue  (7),  con¬ 
tained  no  more  dead  cells  than  samples  evaluated  the 
previous  day  (data  not  shown). 

To  produce  cell  suspensions,  HEp-2  and  Y-l  cells  were 
then  incubated,  with  occasional  gentle  rocking,  f  sr  5-15 
minutes  in  1-4  ml  (depending  on  culture  flask  size)  of 
0.05%  trypsin.  As  small  sheets  of  adrenal  cells  began 
to  float  loose  from  the  flask  surface,  a  volume  of  1  mM 
EGTA,  a  calcium  chelator,  equal  to  that  of  trypsin  was 
used  to  inhibit  trypsin  by  removing  the  calcium  neces¬ 
sary  for  its  activity,  to  produce  single  cells  by  caus¬ 
ing  internalization  of  desmosomal  junctions  holding 
adjacent  cells  together  and  to  prevent  cells  from  subse¬ 
quent  reclumping.  Since  trypsin  released  individual 
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TABLE  I* 


Anhy.  MgS04  Anhy.  CaC12  HEPES 
NaCl**  KC1  MgS04  *7H20  CaC12  *2H20  Buffer  Glucose 


BBSS 

8.0  0.4 

0.2 

0.14 

MEM+ 

7.2  0.4  0.1 

0.26 

Na2HP04*12H20 

KH2P04 

NaH2P04*H20 

HBSS 

MEM 

0.14 

0.12 

0.06 

*  HBSS  total  monovalent  cation  ( Sodium/Potassiuxn) 
equivalents:  0.36. 

MEM  total  monovalent  cation  (Sodium/Potassium) 
equivalents:  0.31. 

**  grams/liter 

+  Eagle's  Minimum  Essential  Medium  with  Earle's  Salts 


TABLE  II* 

LIVE _ DEAD _ FRAGMENTS  CLUMPS 

FLASK  1  55.9+10.3  20.9+7.8  20.4+7.8  2. 9+0. 8 

FLASK  2  32.3+6.3  13.3+3.8  15.4+5.3  3. 4+1.0 

*  Mean  +  S.E.M  for  four  determinations; 
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HEp-2  cells  without  the  need  for  EGTA  and  EGTA  did  not 
prevent  HEp-2  cells  from  reclumping;  0.5  mg/ml  trypsin 
inhibitor/HBSS ,  added  to  the  cells  in  a  volume  equal  to 
that  of  trypsin,  prevented  clumping.  Following  suspen¬ 
sion,  and  whenever  cells  were  transferred  from  one  con¬ 
tainer  to  another,  they  were  rapidly  pipetted  up  and 
down  to  ensure  homogeneous  suspensions  and  to  dislodge 
any  cells  which  might  have  clumped.  We  were  initially 
concerned  that  this  procedure  might  fragment  cells,  but 
data  presented  in  Table  II  suggests  this  is  not  a  con¬ 
cern.  We  were  also  concerned  that  EGTA  treatment  was 
traumatic  to  the  physiology  of  the  cell  because  any 
excess  EGTA  might  cause  intracellular  calcium  to  diffuse 
to  the  extracellular  fluid  and  alter  intracellular  ac¬ 
tivity.  I  initially  proposed  in  the  1983  RISE  applica¬ 
tion  that  the  use  of  cell  suspensions  for  Raman  spectro¬ 
scopy  could  be  avoided  if  cells  grown  on  coverslips  were 
inverted  over  a  welled  microscope  slide  containing  HBSS. 
In  a  trip  to  Brooks  AFB  in  November  1983  we  found  this 
proposal  to  be  impractical  because  it  necessitated  fo¬ 
cusing  the  incident  laser  beam  within  a  single  cell. 
Another  method  suggested  by  Dr.  Taboada  involved  "tun¬ 
neling”  the  laser  beam  into  the  edge  of  a  microscope 
slide  to  which  cells  are  attached,  the  beam  caroms  from 
surface  to  surface  down  the  slide  and  stokes  and  anti¬ 
stokes  wavelengths  emitted  from  contacted  cells  on  the 
slide  surface  are  scanned  by  the  photon  detector.  While 
discussing  this  and  other  geometric  arrangements,  we 
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realized  that  most  samples  which  would  be  used  in  Air 
Force  tests  would  be  suspended  from  epithelial  cell 
scrapings  or  from  biopsies.  We,  therefore,  reluctantly 
returned  to  the  trypsin,  EGTA  and  trypsin  inhibitor 
methods  developed  in  the  summer  of  1983.  Or.  Taboada's 
"tunneling"  procedure  remains  to  be  tried. 

In  using  cell  suspensions  the  effects  of  trypsin, 
EGTA  and  trypsin  inhibitor  on  the  viability  and  physiol¬ 
ogy  of  suspended  cells  could  be  questioned.  While  we 
conducted  no  direct  experiments  to  measure  physiology 
and  viability,  other  investigators  had.  Steroid  produc¬ 
tion  and  adrenal  cell  viability  was  recently  shown  by 
Voorhees  and  Mrotek  (8)  to  be  unaffected  by  trypsin  and 
trypsin  inhibitor;  while  Brown,  Mrotek  and  Hall  (1975, 
unpublished  data)  showed  that  adrenal  cells  suspended  in 
EGTA  were  able  to  respond  to  ACTH  and  produce  steroids. 
These  findings  suggest  that  at  least  one  adrenal  cell 
physiological  parameter  was  unaffected  by  our  suspension 
procedures.  Since  HEp-2  cells  have  no  readily  measur¬ 
able  physiological  parameters,  we  have  no  information 
regarding  the  effects  of  any  of  the  suspending  agents  on 
their  physiology.  Live/dead  cells,  cell  fragments, 
bacterial  and  fungal  particulates  and  cell  clumps  were 
counted  in  HEp-2  cell  samples  suspended  with  trypsin  and 
EGTA  (Table  II).  Although  suspended  at  the  same  time, 
flask  two  was  counted  five  hours  later  than  flask  one. 
Thus  it  is  apparant  that  prolonged  suspension  of  the 
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cells  does  not  harm  viability.  Suspended  cells  counted 
24  hours  later  did  not  exhibit  any  increased  mortality 
(data  not  shown).  Fragments,  including  crystalline 
serum  proteins,  stain  particles  and  rounded  objects 
l/25th  the  size  of  cells,  seemed  to  be  non-cellular 
material.  Clumps,  defined  as  two  or  more  attached  cells 
or  cell  parts,  represented  only  a  small  percentage  of 
the  total  counted  material.  Maximum  clump  size  consisted 
of  no  more  than  four,  but  usually  two,  cells.  In  the 
last  two  1984  SCEEE  summer  fellowship  weeks,  *ttempts 
were  made  using  the  Coulter  counter  purchased  with  Utah 
consortium  funds  to  verify  fragmentation  and  clumping 
results  for  HEp-2  cells,  then  extend  this  data  to  Y-l 
cells.  As  understanding  of  counter  operation  improved, 
we  also  attempted  to  establish  approximate  cell  diame¬ 
ters.  By  resetting  the  count  discriminators  to  detect 
larger  and  larger  particles  after  each  count,  fragment 
and  clump  counts,  and  cell  size,  was  infered  (Table 
III).  Data  for  run  1  with  HEp-2  cells  suggested  that 
there  were  relatively  few  particles  between  0-15  microns 
or  of  20  or  greater  microns;  two  to  ten  times  as  many 
particles  ranged  between  15-20  microns.  Run  2  data 
suggested  that  the  majority  of  the  particles  range  in 
size  between  10-15  microns,  with  nine  times  fewer  parti¬ 
cles  averaging  20  microns  or  greater.  Most  particles  in 
run  3  also  ranged  between  10-15  microns  in  diameter; 
very  few  were  greater  than  20  microns  in  diameter. 
Collectively,  the  data  was  consistent  with  the  view  that 
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TABLE  III 

HEp-2 

1  10-13* 

10-15 

13-15 

15-20 

20-25 

0.66** 

1.18 

0.13  1 

18.29 

12.10 

1.80 

16.22 

9.24 

0.11 

Y-l 

7-10  10-11  11- 

13  11-15 

13-15 

15-20 

» 

20-25  * 

1 

2  4.04 

3  0.06 


13.88 

3.90 


4.60  0.35 


*  Counts  for  particles  whose  diameters  (in  microns) 
fall  within  this  range.  Space  limitations  pre¬ 
cluded  including  standard  error  of  the  mean;  all 
counts  were  statistically  valid. 

**  X  10-5  Darticles. 


•  »  »  •  *»  1 
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HEp-2  cells  ranged  from  10  to  20  microns  in  diameter  and 
that  few  clumps  larger  than  20  microns  in  diameter 
existed  in  suspensions;  data  regarding  0-10  micron  frag¬ 
ments  was  inconclusive.  Purther  experiments  are  re¬ 
quired  to  determine  fragment  counts  and  refine  cell 
diameter  ranges.  The  majority  of  the  particles  in  Y-l 
cell  suspensions  ranged  between  7  and  15  microns  with 
the  largest  numbers  being  in  the  11-15  micron  range. 
With  the  exception  of  run  2  in  which  there  was  relative¬ 
ly  little  change  in  particulate  numbers  between  7-15 
microns,  few  particulates  were  found  in  7-10  and  greater 
than  20  micron  ranges.  Collectively,  these  data  may 
suggest  a  probable  cell  size  in  the  11-15  micron  range 
and  little  fragmentation  and  clumping.  Lack  of  clear 
results  in  these  counting  experiments  resulted  from 
inconsistent  experimental  designs,  and  lack  of  time  and 
experience  with  the  Coulter  counter.  Additional  work  is 
suggested. 

We  were  also  concerned  about  long-term  laser  irradia¬ 
tion  of  a  suspended  cell.  Dr.  Taboada  had  previously 
circumvented  this  difficulty  by  horizontally  moving  the 
sample-containing  cuvette  through  the  iaser  beam.  Be¬ 
cause  cells  suspended  in  buffer  are  continuously  set¬ 
tling  through  the  fluid,  there  is  a  possibility  of  too 
few  cells  at  the  spectrophotometer  photon  detector  site 
if  the  detector  is  scanning  the  upper  regions  of  the 
cuvette,  or  too  many  if  lower  regions  are  scanned.  This 
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difficulty  was  overcome  by  raising  the  cuvette  so  that 
the  midpoint  of  its  vertical  axis  was  adjacent  to  the 
spectrophotometer  photon  detector.  Thus,  as  cells  set¬ 
tled  out  of  the  detection  point,  other  cells  settled 
into  this  point.  Total  scan  time  was  short  enough  to 
insure  a  continuous  supply  of  cells  falling  from  the 
upper  cuvette  half  into  the  detection  point.  This  geom¬ 
etry  *lso  insured  short-time  cell  exposure  to  the  laser 
(elimino.  ..g  the  need  to  laterally  translate  the  cu¬ 
vette).  Nevertheless,  beam  effects  on  cell  mortality 
were  determined  by  counting  live/dead  cells  before  and 
after  Raman  spectrometry  (data  not  shown).  Within  the 
experimental  error  of  the  method  (5%),  there  was  no 
measurable  increase  in  cell  mortality.  Laser  effects  on 
physiological  parameters  remain  to  be  determined.  We 
were  aware  that  as  cells  accumulated  on  the  cuvette 
bottom,  the  mass  of  material  might  occlude  the  laser 
beam.  Using  the  Coulter  counter  purchased  with  Utah 
consortium  funds  to  accurately  and  rapidly  count  cells, 
we  could  always  dilute  our  samples  to  maintain  a  concen¬ 
tration  of  1.2  million  cells.  As  determined  in  succes¬ 
sive  laser  runs  using  fewer  HEp-2  cells,  1.2  million 
cells  seemed  to  optimize  Raman  spectra  detection  while 
minimizing  beam  occlusion  due  to  cell  accumulation 
(spectral  data  not  shown). 

To  explain  high  levels  of  Raman  spectral  activity 
obtained  from  HEp-2  and  Y-l  cells  during  my  1983  summer 
research  fellowship,  I  suggested  metabolic  and  cell 
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surface  activities  as  sources  of  these  spectra  and  Dr. 
Taboada  felt  that  mitosis  might  also  be  a  source  of  this 
activity;  these  suggestions  were  based  on  my  experience 
with  cell  surfaces  and  cytoskeleton  (8-14),  and  Dr. 
Taboada's  with  bacterial  fission.  Zn  addition,  we 
wished  to  monitor  viability,  fragmentation,  cell  clump¬ 
ing  and  contamination  of  cell  suspensions  to  assure 
applicability  of  Raman  data  to  only  the  cells  being 
examined.  To  conduct  these  evaluations,  an  inverted 
Nikon  microscope  with  photographic  a.id  time-lapse  video¬ 
taping  capabilities  was  purchased  using  funds  from  a 
contract  with  the  Utah  consortium.  Time-lapse  videomi¬ 
croscopy  can  establish  the  cycle  time  between  mitoses 
and  also  the  cell  surface  activity.  Live/dead  counts, 
fragments,  contaminants  and  clumping  may  also  be  deter¬ 
mined  with  this  microscope.  Several  factors  prevented 
us  from  obtaining  data  related  to  the  above  goals. 
First,  the  microscope  did  not  arrive  until  three  weeks 
before  the  end  of  the  fellowship;  second,  a  useable 
videotape  recorder  capable  of  time-lapse  operation  could 
not  be  found  on  base;  third,  the  "real-time"  videotape 
of  microscope  images  was  not  be  enlarged  enough  and 
illumination  was  of  insufficient  intensity  for  adequate 
contrast.  While  evaluation  of  cell  suspensions  might 
have  been  conducted  with  the  inverted  microscope,  a 
microscope  Dr.  Taboada  obtained  from  surplus  property 
was  used  to  complete  most  of  Lhis  work  before  it  ar- 


rived.  Tatar*  experiments  to  clarify  th*  involvement  of 
call  sorfac*  activity  and  mitosis  in  Raaan  activity  are 
planned  when  funds  become  available  fox  purchase  of  a 
time-lapse  video  recorder  and  a  microscope  objective 
more  powerful  than  the  existing  40X.  The  problem  of 
insufficient  illumination  can  be  corrected  by  purchasing 
a  video  camera  having  a  more  sensitive  detection  system. 

Since  Dr.  Taboada  has  detected  Raman  signals  assoc¬ 
iated  with  fission  in  synchronized  bacterial  cells,  he 
is  interested  in  similar  phenomena  in  mitotic  mammalian 
cells.  It  is  his  working  hypothesis  that  Raman  signals 
we  have  detected  from  rapidly  proliferating  mammalian 
cancer  cells  may  derive  from  the  random  mitotic  activity 
of  the  cancer  cells.  Synchronization  of  these  cells 
would  then  intensify  the  signals  and  improve  reproduci¬ 
bility.  Several  lines  of  evidence  suggest  to  me  that 
Raman  signals  detected  in  these  experiments  are  indepen¬ 
dent  of  mitosis:  (a)  bacterial  fission  is  different  than 
eukaryotic  mitosis,  (b)  neoplastic  cell  division  rates 
need  not  be  different  from  normal  cell  counterparts 
(even  the  most  malignant  tumors  possess  an  average  18- 
to  24-hour  cell  cycle);  the  analogs  only  differ  in  their 
ability  to  cease  division  when  all  available  growth 
space  is  lost  and  adjacent  cells  are  in  complete  contact 
with  each  other  (IS),  (c)  most  cell  division  cycles  are 
between  10  -  24  hours  long,  however,  the  length  of 
mitosis  is  seldom  longer  than  two  hours.  At  any  given 
time,  therefore,  from  8  -  20%  of  a  randomly  dividing 
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cell  population  will  be  dividing.  It  seems  unlikely 
that  the  entire  Raman  activity  detected  in  our  cells  can 
be  ascribed  to  such  a  relatively  small  division  percen¬ 
tage.  However,  metabolic  and  cell  surface  activity  is 
continuous  during  non-dividing  cell  phases,  and  differ¬ 
entiated  function  occupies  at  least  four,  if  not  more, 
non-dividing  hours.  Thus,  molecules  associated  with 
these  cellular  activities  would  seem  to  be  more  probable 
causes  of  Raman  activity  following  laser  irradiation. 

LASER  DATA 

Using  a  laser  tuned  to  one  of  several  different 
wavelengths,  preliminary  Raman  spectral  data  were  ob¬ 
tained  from  HEp-2  and  Y-l  cells  before  and  after  stimu¬ 
lation  with  ATP  or  cAMP  (Tables  IV,  V,  VI  and  VII). 
Before  a  summary  of  the  data  in  the  tables  is  presented, 
several  points  should  be  made  regarding  methods  and 
definitions  used  for  data  interpretation.  An  experimen¬ 
tal  group  was  defined  as  a  specific  cell  type  irradiated 
at  a  given  laser  wavelength.  A  treatment  component  was 
either  the  biochemical  stimulant,  cAMP  or  ATP,  or  the 
spectrometer  modification,  presence  or  absence  of  a 
polarizing  filter  between  the  sample  and  detection  sys¬ 
tem.  A  replicate  was  the  repeated  laser  scans  of  a  cell 
type  receiving  a  specific  treatment  component;  except  in 
scans  conducted  at  476.5  nm,  no  attempt  was  made  to 
distinguish  between  repeated  scans  of  a  single  sample 
and  a  scan  of  different,  but  similarly  treated,  sample. 
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because  of  the  enormity  of  the  data.  An  event  was 
defined  as  a  single  graphic  excursion  measuring  one  cm 
or  more  from  lowest  to  highest  point;  as  defined  in  (b) 
below  an  event  was  also  a  collection  of  events  never 
differing  from  each  other  by  no  more  than  four  wave 
numbers .  The  event  wave  number  was  the  photon  wavelength 
emitted  following  laser  irradiation  of  a  cell.  The 
summary  for  each  experimental  group  following  shortly 
will  be  organized  to  present  Raman  events  associated 
with  a  single  treatment  component  within  an  experiment, 
with  two  treatment  components  having  elements  in  common 
or  with  events  occurring  in  the  majority  of  the  treat¬ 
ment  components  in  that  experimental  group.  To  inter¬ 
pret  this  data  these  criteria  were  established:  (a)  two 
wave  numbers  differing  by  five  or  more  were  considered 
to  be  different  (our  reasons  for  this  were:  in  most 
instances  two  different  individuals  read  the  laser-Raman 
graphs  within  four  wave  numbers  of  each  other;  during  my 
readings  I  accidentally  reread  wave  numbers  from  several 
different  portions  of  the  graphs,  these  readings  dif¬ 
fered  by  no  more  than  four  wave  numbers;  and,  the  reso¬ 
lution  of  the  detector  is  5/cm),  (b)  since  a  range  of 
five  wave  numbers  from  replicate  runs  would  not  be 
different,  for  reporting  they  were  combined  into  a  range 
(a  given  range  was  often  large  because  each  successive 
excursion  that  was  0-4  higher  than  the  preceeding 
excursion  was  included  in  that  range  until  an  excursion 
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differing  from  the  last  range  excursion  differed  from 
the  next  wave  number  by  five;  the  exception  occurred  if 
an  excursion  added  to  the  given  range  caused  two  excur¬ 
sions  from  the  same  run  to  be  included  (c)  in  summari¬ 
zing  this  data  only  excu-sions  replicated  three  or  more 
times  in  a  given  experimental  treatment  or  between 
treatments  appear,  (d)  in  multi-treatment  experiments, 
only  excursions  replicated  in  all  three  treatment  compo¬ 
nents,  or  in  three  out  of  a  four  component  experiment, 
were  recorded  as  events  commonly  exhibited  by  those 
cells  when  irradiated  at  that  laser  wavelength,  (e)  for 
each  wavelength,  events  from  each  treatment  component 
coinciding  with  water  and  HBSS  solution  events  were 
eliminated  if  they  occurred  within  four  of  a  given  wave 
number;  thus,  events  reported  in  the  tables  are  those 
remaining  after  removal  of  background  events;  the  sole 
exception  to  this  was  X-l  adrenal  cells  irradiated  at 
488  nm,  which  had  no  background  runs  due  to  lack  of  time 
during  the  last  days  of  my  summer  fellowship. 

The  repeated  emissions  by  intracellular  molecules  in 
the  six  control,  HEp-2  replications  irradiated  at  514  nm 
(Table  IV),  were  at  418-20,  450-54,  1120-25,  and  1670-74 
twice,  at  970-75  three  times,  at  878-80  and  1056-60  four 
times,  and  1010-15  five  times.  Events  occurring  in  two, 
or  three,  out  of  three  treatments  (nine  possible  repli¬ 
cates  for  three  treatments)  were  repeated  three  times  at 
144,  150,  298-300,  626-30,  980-85,  1720,  and  1778-85, 
four  times  at  560-64,  808-10,  900-05,  1000-04,  1218-24, 
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TABLE  IV 


WAVELENGTH  OP  HEp-2  CELL  RAMAN  LINES  PRODUCED 
AFTER  IRRADIATION  AT  514  run 


WAVE 

NUMBER 

CONTROL* 

CAMP** 

ATP+ 

144 

2++ 

1 

150 

2 

- 

1 

220 

1 

- 

- 

240-44 

1 

1 

- 

260-64 

1 

1 

- 

290 

- 

1 

1 

298-300 

2 

1 

- 

320 

1 

- 

- 

346 

1 

- 

- 

397-402 

1 

1 

- 

418-20 

2 

- 

- 

450-54 

2 

- 

- 

470-72 

2 

2 

1 

517-20 

- 

1 

1 

560-64 

2 

1 

1 

576-80 

1 

- 

- 

626-30 

1 

2 

- 

700 

1 

- 

1 

720-24 

1 

- 

- 

730 

- 

1 

1 

748 

1 

- 

- 

780 

1 

1 

- 

808-10 

2 

2 

- 

830 

1 

1 

- 

838-40 

1 

1 

- 

860-64 

1 

- 

- 

878-80 

4 

- 

- 

900-05 

3 

1 

- 

910 

- 

- 

1 

920 

1 

1 

- 

938-40 

1 

- 

1 

945-50 

1 

1 

- 

958 

- 

- 

1 

970-75 

3 

- 

- 

980-85 

2 

1 

- 

1000-04 

2 

1 

1 

1010-15 

5 

- 

- 

1040-44 

1 

1  . 

1050 

1 

- 

1 

1056-60 

4 

- 

- 

1067 

- 

- 

1 

1090 

- 

1 

- 

1098 

1 

- 

- 

1120-25 

2 

- 

- 

1148-52 

3 

1 

1 

1178 

1 

- 

- 

1190 

- 

1 

- 
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WAVE 

NUMBER 

CONTROL* 

CAMP** 

ATP+ 

1210 

1 

1 

• 

1218-24 

2 

1 

1 

1230 

1 

- 

- 

1240 

- 

1 

- 

1268-70 

1 

1 

- 

1318-24 

2 

2 

1 

1390 

1 

- 

- 

1396 

1 

- 

- 

1460 

- 

- 

1 

1520-24 

3 

1 

- 

1540-44 

3 

1 

1 

1588-90 

1 

1 

- 

1597 

1 

- 

- 

1615-20 

3 

1 

- 

1630 

- 

- 

1 

1670-74 

2 

- 

- 

1710 

1 

- 

- 

1720 

2 

1 

- 

1738 

- 

1 

- 

1768-70 

1 

1 

- 

1778-85 

2 

1 

- 

1800 

1 

1 

- 

1810 

- 

1 

- 

1350 

- 

1 

- 

1860 

- 

1 

- 

1890 

- 

1 

- 

1920 

1 

1 

- 

1930 

- 

1 

- 

1944 

1 

- 

- 

1950 

- 

1 

- 

1980 

- 

1 

1 

2000 

1 

- 

— 

Six  replicates 

(two  different 

samples 

were  each 

scanned  three  times;  one  of 

those  repeat  scans 

was  performed  on  0.6  million 

cells  - 

it  contain- 

ed  many  events 

found  in  scans  using 

1.2  million 

cells  and  a  large  number  of 

events 

associated 

with  buffer  scans). 

Two  replicates  (successive 

repeats 

on  the  same 

sample )  . 

Single  scan. 

Bold  type  was  used  to  emphasize  that  an  event  was 
recorded  two  or  more  times  at  that  wave  number. 


and  1615-20,  and  five  times  at  470-72,  1148-52  and  1540- 
44.  Out  of  two  replications,  no  repeats  were  associated 
exclusively  with  cAMP.  Since  ATP  was  only  used  once  as 
a  HEp-2  treatment,  results  were  inconclusive.  It  must 
be  noted  that  undetected  events  for  any  treatment  compo¬ 
nent  could  indicate  that  the  events  have  not  occurred, 
or  that  events  are  missed  when  they  occur  during  scan¬ 
ning-time  for  another  event  because  the  spectrophoto¬ 
meter  cannot  detect  all  events  simultaneously.  In 
addition,  there  are  numerous  situations  where  attempts 
to  economize  by  recording  more  than  one  run  on  the  same 
graph  sheet  resulted  in  overlapping  and  obscured  re¬ 
sults.  We  also  had  several  instances  of  pen  skipping 
which  caused  event  loss.  While  we  always  tried  to  scan 
through  2000/cm,  frequently  the  run  would  either  termin¬ 
ate  prematurely,  or,  the  pen  would  not  be  lifted  from 
the  paper  as  the  machine  reset  itself.  Therefore,  re¬ 
sults  from  1870/cm  onward  were  incomplete.  The  sum  of 
these  technical  difficulties  suggests  that  events  occur¬ 
ring  in  other  treatments  may  not  have  been  detected. 
For  all  these  reasons,  the  events  recorded  from  control 
cells  are  probably  not  exclusive,  although  the  five 
repetitions  of  the  event  at  1010-15  must  be  considered 
interesting.  Similarly,  molecule(s)  causing  emissions 
at  470-72,  1148-52  and  1540-44  regardless  of  treatment 
may  reflect  characteristic  "signature*  molecules  within 
the  HEp-2  cell.  Which  molecules  these  might  be,  are 
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TABLE  V 


WAVELENGTH  OF  Y-l  CELL  RAMAN  LINES  PRODUCED 
AFTER  IRRADIATION  AT  514  nm 


WAVE 

NUMBER 

CONTROL* 

CAMP** 

WAVE 

NUMBER 

CONTROL 

CAMP 

100 

1 

140 

1 

150 

1 

- 

164 

- 

1 

210 

- 

1 

270 

1 

1 

280 

- 

1 

290 

1 

- 

398 

1 

- 

420 

1 

1 

430 

- 

1 

570 

- 

1 

628 

1 

1 

664 

- 

1 

670 

1 

1 

700 

- 

2 

717 

1 

- 

778-80 

1 

1 

800 

1 

1 

806 

1 

1 

860 

- 

1 

868-70 

1 

1 

970 

- 

1 

998-1000 

1 

1 

1050 

- 

1 

1066 

- 

1 

1090 

- 

1 

1100 

- 

1 

1118 

1 

- 

1124 

- 

2 

1130 

1 

- 

1130 

1 

- 

1150 

1 

1 

1180 

- 

1 

1190 

- 

1 

1210 

1 

- 

1230 

- 

2 

1250 

1 

1 

1258 

- 

1 

1264 

- 

1 

1290-93 

- 

2 

1318-20 

- 

2 

1330 

1 

- 

1340 

- 

1 

1370 

- 

1 

1388 

- 

1 

1410 

1 

2 

1460 

1 

1 

1476 

1 

- 

1510 

1 

- 

1520-24 

1 

1 

1540 

- 

1 

1587-90 

1 

1 

1610 

1 

1 

1624 

- 

1 

1644 

- 

1 

1668-70 

1 

1 

1708 

- 

1 

1718-24 

1 

2 

1740 

- 

1 

1764 

- 

1 

1780 

- 

1 

1798 

1 

1 

1860 

- 

2 

1870 

1 

- 

1900 

- 

1 

1950 

- 

1 

1978 

- 

1 

*  Single  replicate. 

**  Two  replicates  (successive  repeats  on  the  same 
sample ) . 

Bold  type  was  used  to  emphasize  that  an  event  was 
recorded  two  or  more  times  at  that  wave  number. 


presently  unknown.  We  used  ATP  as  one  of  the  HEp-2 
stimulants  because  of  the  interesting  effects  it  caused 
when  used  in  the  summer  of  1983  (5).  Why  we  were  unable 
to  repeat  these  results  is  unclear.  Our  use  of  cAMP  as 
a  stimulant  resulted  from  information  obtained  during  a 
literature  search  conducted  as  part  of  the  Utah  consor¬ 
tium  contract.  Dibutyryl  cAMP  was  used  to  decrease  the 
yield  of  Herpes-Simplex  1  virus  particles  released  from 
inoculated  HEp-2  cells  (16).  Although  our  cells  were 
uninoculated,  we  used  the  precedence  of  this  work  to 
guide  ours.  Too  few  replicates  were  conducted  to  sus¬ 
tain  any  conclusions  about  this  work.  We  had  also 
intended  to  investigate  cytochrome  response  to  irradia¬ 
tion  at  476.5  and  488  nm  because  literature  studies 
indicated  that  HBp-2  cells  irradiated  with  6.5  mm  radio¬ 
waves  of  1  mW/cm2  flux  density  reduced  cytochrome  oxi¬ 
dase  and  NAD-  and  NADP-diaphorase  activities  (17).  Af¬ 
ter  effort  focal  point  vacations,  spectrometer  redesigns 
and  usage  by  two  other  SCEEE  fellows,  little  time  re¬ 
mained  to  include  all  intended  experiments.  It  is  ex¬ 
pected  that  funds  from  a  1984  APOSR/SCEEB  RISE  grant 
will  permit  continuation  of  these  investigations  under 
more  ideal  circumstances. 

Two  repeated  emissions  by  intracellular  molecules  in 
the  two  cAMP-treated  Y-l  replicates  irradiated  with  514 
nm  (Table  V),  were  found  at  700,  1124,  1230,  1290-93, 
1318-20,  and  1860.  Whether  these  events  result  from 
cAMP  treatment,  or  characteristic  emmisions  of  the  Y-l 
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adrenal  cell,  was  uncertain  for  reasons  described  above. 
Events  detected  in  all  three  runs  of  control  and  cAMP- 
treated  cells  were  at  1410  and  1718-24.  Since  control 
cells  were  only  scanned  once,  results  were  inconclusive. 
There  were  too  few  replicates  in  this  experiments  to 
draw  conclusions  about  "signature"  molecules. 

Repeated  emissions  by  intracellular  molecules  in  the 
three  control,  Y-l  replications  irradiated  at  488  nm 
(Table  VI),  were  twice  found  at  140-54,  320,  598,  610, 
644-5-50,  710,  920,  960,  970,  984-95,  1030,  1142-44, 
1158-60-2,  1190,  1210-14,  1344-6-50,  1390-94,  1437, 
1468-70-3,  1560,  1564-8,  1590,  1628-30,  1670,  1680-84, 
1720-24,  1778-80,  1818-20,  1824,  1908-10,  and  1920-24. 
Similarly,  events  were  observed  at  the  following  wave 
numbers  in  all  three  control  replicates:  200-04,  300-04, 
668-70-4,  690,  1080-4-90,  1108-10,  1600,  and  1800-4-8. 
For  the  events  occurring  in  both  treatment  components, 
there  are  four  replicates.  Events  repeated  three  times 
were  found  at  170,  270-8-80,  328-30,  340-44,  400,  430- 
38,  450,  496-500,  574-78,  658-60-2,  764-8-72,  1038-40-4, 
1057-60,  1122-4-30-2,  1178-80-4,  1200-04,  1300,  1525-30, 
1548-50-4-60,  and  1860-4-8,  while  events  repeated  in 
all  four  replicates  occurred  at  the  following  wave  num¬ 
bers:  790-8-800,  890-4-8,  1310-8-20-2,  1458-60-4-5,  and 
1508-10-14.  Lack  of  repetition  of  the  cAMP  run  prevents 
conclusions  from  being  drawn.  As  discussed  previously, 
events  occurring  only  in  controls  may  also  occur  in 
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TABLE  VI 


WAVELENGTH  OF  Y-l  CELL  RAMAN  LINES  PRODUCED 
AFTER  IRRADIATION  AT  488  nm+ 


WAVE 

NUMBER 


10 

240-54 

170 

190 

215 

240 

264-75 

300-04 

320 

340-44 

370 

384 

400 

415 

430-38 

450 

480 

490 

515 

530 

560 

574-78 

590 

610 

624 

644-5-50 

690 

710 

738 

748 

764-8-72 

784 

810 

820 

854 

890-4-8 

910 

930 

950 

970 

1000 

1020 

1030 

1050 

1068-70 

1094 


CONTROL*  CAMP** 


WAVE 

NUMBER  CONTROL  CAMP 


160 

178 

200-04 

225 

260 

270-8-80 

d/310 

328-30 

362 

375 

392 

408 

420 

d/440 

462-64 

488 

496-500 

520 

540 

568-70 

580 

598 

620 

630 

668-70-4 

700 

724 

743 

758-60-2 

778 

796-8-800-4 

820-24 

846-48 

870 

900-04 

920 

940 

960 

984-35 

1010 

1025 

1038-40+-44 

1057-60 

1080-4-90 

1100 
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WAVE 

NUMBER 

CONTROL 

CAMP 

WAVE 

NUMBER  CONTROL 

cAMP 

1108-10 

3 

- 

1122-4-30-2 

3 

1 

1142-44 

2 

- 

1150 

1 

1 

1158-60-2 

2 

- 

1165-68 

1 

1 

1178-80-4 

2 

1 

1190 

2 

- 

1200-04 

2 

1 

1210-14 

2 

- 

1224 

1 

- 

1230 

1 

1 

d/1240 

1 

- 

1250 

1 

- 

1257-60 

1 

1 

1264 

1 

- 

1270 

1 

- 

1287 

1 

- 

1300 

2 

1 

1310-8-20-2 

3 

1 

d7T330 

1 

- 

1344-6-50 

2 

- 

1355 

1 

- 

1364 

1 

- 

1370 

- 

1 

1380-85 

1 

1 

1390-94 

2 

- 

1400 

1 

1 

1396-1408 

1 

- 

1410 

1 

- 

1418-0-2-4 

-6 

2 

1 

1430 

- 

1 

1437 

2 

- 

1450 

1 

1 

1458-60-4- 

5 

3 

1 

1468-70-3 

2 

- 

1485 

1 

- 

d/1490 

1 

- 

1498-1500 

1 

1 

1508-10-14 

3 

1 

1520 

1 

- 

1525-30 

2 

1 

1542 

1 

- 

1548-50-4-60 

2 

1 

1560 

2 

- 

1564-68 

2 

- 

1580 

1 

- 

1590 

2 

- 

1600 

3 

- 

1608-10-8 

1 

1 

1620 

- 

1 

1628-30 

3 

- 

1640-44 

1 

1 

1658 

1 

1 

1660-64 

1 

1 

1670 

2 

- 

1680-84 

2 

- 

1684-94 

1 

- 

1690 

- 

1 

1700 

1 

- 

1710 

1 

1 

1720-24 

2 

- 

1740 

1 

- 

1750 

1 

- 

1764-5 

1 

1 

1778-80 

2 

- 

1790 

1 

- 

1800-4-8 

3 

- 

1818-20 

2 

- 

1824 

2 

- 

1830 

- 

1 

1855 

1 

- 

1860-4-8 

2 

1 

1880 

1 

- 

1890 

1 

- 

1900 

1 

- 

1908-10 

2 

- 

1920-24 

3 

- 

1930 

1 

- 

1944 

1 

1 

1954 

1 

- 

1964 

1 

- 

1984 

1 

- 

2000 

1 

*  Single  replicate. 

**  Two  replicates  (successive  repeats 

on  the 

same 

sample )  . 

+  A  doublet  (d/) 

begins 

at  that  wave  number. 

Bold  type  was  used  to  emphasize  that  an  event  was 
recorded  two  or  more  times  at  that  wave  number. 


Underlined  numbers  represent  wavelengths  at  which 
carotenoids  and  heme-containing  proteins  emit. 
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cA*CP-trsated  cells  bat  be  missed  daring  tbe  scanning 
procadora.  In  addition,  thraa  rapiicationa  do  not  seem 
sufficient  to  draw  conclusions  about  control  events.  It 
is  interesting  that  there  are  a  limited  number  of  events 
common  to  both  treatments;  particularly  those  events 
with  ranges  encompassing  only  6,  7  and  8  wave  numbers 
nay  represent  emissions  by  characteristic  Y-l  call  mole¬ 
cules  responding  to  light  at  488  nm.  We  note  that 
events  within  the  ranges  centering  on  1040  and  1300  were 
repeated  in  three  out  of  four  replicates,  while  tho 
range  including  1460  appeared  in  all  four  replications. 
More  replication  is  required  to  verify  these 
possibilities. 

In  attempting  to  understand  the  significance  of  repli¬ 
cation  of  responses  to  irradiation  at  488  nm,  we  found 
that  this  wavelength  caused  carotinoids  and  cytochromes 
to  emit  at  wave  numbers  of  1040,  1300,  and  1460  (18). 
Most  mammalian  cells  in  vivo  and  jUi  vitro  are  unable  to 
synthesize  carotenoids  and  their  derivatives;  they  are, 
however,  able  to  absorb  them  from  their  nutrients  (19). 
Vitamin  A,  a  carotenoid,  is  stored  in  intracellular 
adrenocortical  lipid  droplets  (20,  21).  Rats  deficient 
in  vitamin  A  show  reduced  rates  of  glucocorticoid  pro¬ 
duction,  probably  due  to  failure  of  deoxycorticosterone 
to  be  hydroxy lated  to  the  gucocorticoid,  corticosterone 
(22,  23).  The  Eagle's  minimum  essential  medium  with 
Earle's  salts  used  in  culturing  Y-l  adrenal  cells  did 
not  contain  carotenoids  (Gibco  catalog,  Palo  Alto,  CA). 
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Whether  these  molecules  could  be  absorbed  from  the  ser¬ 
ums  used  in  their  maintenance  was  unknown  until  recent¬ 
ly.  Now  information  regarding  the  major  constituents  of 
serums  is  available;  HyClone  Laboratories  (Logan,  Utah) 
indicates  that  their  fetal  bovine  and  horse  serums  con¬ 
tain,  respectively,  a  total  of  >  209  and  233  ng/lCO  g 
serum  of  these  carotenoids:  retinoic  acid,  retinyl  pal- 
mitate,  retinyl  acetate,  retinol  and  carotene.  While  we 
used  fetal  bovine  and  horse  serum  from  KC  Biological 
(Lexina,  Kansas),  serums  from  different  commercial  sour¬ 
ces  should  not  differ.  Particularly  because  most  cattle 
and  horses  are  genetically  inbred,  and,  serums  from  many 
animals  are  pooled  to  produce  the  marketed  product. 
With  regard  to  iron-containing  proteins,  adrenal  cells 
contain  large  concentrations  of  various  cytochromes, 
flavo-  and  heme  proteins,  including  cytochromes  a,  a3, 
b,  b5,  c,  cl,  side-chain  cleavage,  11  beta  and  21  beta 
P-450s,  P-420,  adrenodoxin,  flavoprotein  and  non-heme 
iron  (24,  25).  These  iron-containing  proteins  are  used 
in  the  synthesis  of  steroid  hormones,  or  to  provide 
energy-containing  compounds  for  viability  and  steroid 
synthesis  (26).  Besides  being  useful  as  models  for 
studying  carotenoids,  steroid  synthesizing  cells  are 
also  ideal  for  examining  laser  Raman  spectra  associated 
with  iron-containing  compounds.  Concentrations  recorded 
for  a  few  bovine  adrenal  mitochondrion  and  microsorae 
heme  proteins  are  summarized  in  Table  VIII.  To  convert 


103-30 


TABLE  VI II 


HEMOPROTBIBS  IB  BO VI ITS  ADREKAL 
HI TOCHOBDRI A  AND  MICRO SOKES  + 


Mitochondria* 

Microaoaea*' 

a 

3.5 

+ 

0.7 

mm 

•3 

1.2 

♦ 

0.4 

- 

b 

2.0 

T 

0.4 

mm 

b5 

- 

0.06 

c 

2.4 

+ 

0.6 

- 

cl 

1.8 

+ 

0.4 

-• 

n> 

4.5 

+ 

1.9 

- 

P-420 

- 

0.16 

P-450 

8.3 

+ 

2.8 

0.23 

□aaoaolea/ntg  nitrogen 
(f#) 


these  figures  from  mg  nitrogen  to  mg  protein  a  multipli¬ 
cation  factor  of  6.25  must  be  used  (27).  Thus,  a  total 
of  151  nanomoles  heme  protein/  mg  protein  may  exist  in  a 
bovine  adrenal  cell.  While  similar  figures  do  not  exi3t 
for  Y-l  adrenal  cells,  the  bovine  concentrations  may  be 
extrapolated  using  the  conversion  factor:  0.6  nanograms 
protein/mouse  adrenal  cell  (10).  In  our  experiments  we 
routinely  used  1.2  million  cells;  our  sample,  therefore, 
had  approximately  108.7  total  nanomoles  heme  protein. 

Control  Y-l  intracellular  molecules  irradiated  at 
476.5  nm  emitted  photons  which  were  scanned  without  a 
polarizer  in  five  essentially  complete,  and  one  partial, 
replicate  runs  (Table  VII).  Control  events  were  re¬ 
peated  twice  at  wave  numbers  120-40  and  910,  three  times 
at  numbers  590,  1320-22,  and  1408.  To  reduce  fluores¬ 
cence  causing  progressive  upward  displacement  of  the 
events  being  recorded,  scanning  was  conducted  using  a 
filter  which  polarized  parallel;  out  of  four  replicates, 
wave  numbers  125-28,  816-18,  1244-45,  1780  and  1904  were 
repeated  twice;  numbers  200-04  and  1268-70  were  repeated 
three  times.  Out  of  nine  replicates,  events  occurring 
simultaneously  in  polarized  and  non-polarized  controls 
were  repeated  three  times  at  260-64,  368-70,  604-8-13, 
735-7-40,  1277-80,  1760,  1775,  and  1820  or  four  times  at 
240-2-4,  1020  and  1874-8-90.  Pooling  replicates  from 
the  non-polarized  components,  six  controls  and  two  cAMP 
treatments,  events  repeating  three  times  appeared  at 
270,  850,  1224-25,  and  1368-70,  with  1930  being  the  wave 
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TABLE  VII 


WAVELENGTH  OP  Y-l  CELL  RAMAN  LINES  PRODUCED 
AFTER  IRRADIATION  AT  476.5  nm 


I  ... 


WAVE 

NUMBER 

CONTROL* 

PARALLEL 

POLARIZ. 

CONTROL* 

CAMP** 

PARALLEL 

POLARIZ. 

CAKP++ 

102 

— 

mm 

« 

1 

125-28  «# 

- 

2 

tm 

- 

120-40 

2 

- 

- 

- 

134-6-8-42 

- 

2 

- 

1 

150 

1 

1 

- 

- 

d/164  # 

- 

1 

- 

- 

186-83 

1 

- 

- 

1 

194 

1 

- 

- 

- 

200-04 

- 

3 

- 

- 

210 

1 

.1 

- 

- 

218-20 

1 

- 

- 

1 

223 

- 

- 

- 

1 

228-30 

2 

- 

1 

1 

240-2-4 

1 

3 

- 

- 

250-53 

- 

1 

- 

1 

260-64 

1 

2 

- 

- 

270 

2 

- 

1 

- 

278-82-3 

- 

1 

1 

1 

296-300 

1 

2 

MB 

1 

306-7-8 

- 

2 

- 

1 

318-20-5 

1 

2 

1 

1 

328 

- 

- 

- 

1 

336-8-40-2-3 

- 

1 

1 

1 

358-60 

1 

1 

1 

2 

368-70 

1 

2 

- 

- 

390-1-5-400 

2 

1 

- 

1 

405-6-8-10 

4 

3 

- 

1 

428-30 

1 

- 

2 

1 

440-3-4 

2 

2 

1 

- 

450-53 

2 

2 

- 

1 

458-60-4 

1 

3 

1 

- 

d/466 

- 

- 

1 

- 

472-5-6-8-80 

•  3 

1 

- 

1 

476-7-8-90 

2 

2 

— 

1 

504-8-10-1-2 

2 

2 

- 

1 

520-22 

3 

2 

1 

- 

528-30 

1 

2 

- 

1 

538-40-2-4 

1 

1 

1 

1 

546 

- 

- 

- 

1 

555-6-8-60 

1 

3 

- 

2 

573 

1 

- 

- 

1 

580-83 

1 

1 

- 

- 

584-602 

- 

- 

- 

1 

590 

3 

- 

- 

- 

596-7-8-600 

1 

3 

1 

— 

604-8-13 

2 

1 

• 

*• 
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I 


WAVE 

NUMBER  CONTROL 

PARALLEL 

POLARIZ. 

CONTROL 

CAMP 

PARALLEL 

POLARIZ. 

CAMP 

626-8-30-5 

3 

1 

1 

2 

638-40-2 

2 

3 

1 

1 

648 

- 

- 

1 

1 

658-60 

1 

1 

1 

- 

664 

1 

1 

- 

- 

670-5-8-80 

3 

2 

1 

2 

690 

2 

2 

1 

- 

710 

1 

- 

- 

- 

715 

- 

1 

- 

- 

720-1-3-4-8-30 

5 

3 

1 

2 

735-7-40 

2 

1 

- 

- 

745 

- 

- 

- 

1 

750 

- 

1 

1 

- 

755-8-60-4-5 

3 

1 

- 

1 

770 

1 

- 

- 

- 

790-2-4 

1 

2 

1 

- 

798-800-4-5 

2 

1 

- 

1 

808-10 

- 

1 

2 

1 

816-18 

- 

2 

- 

- 

850 

1 

- 

2 

- 

858 

- 

- 

- 

2 

868-70 

2 

1 

1 

- 

872-70 

- 

1 

- 

- 

875-0-02 

1 

1 

1 

- 

890 

- 

1 

- 

- 

894-900 

- 

- 

- 

1 

898-900-4 

- 

2 

2 

1 

d/910 

2 

- 

- 

- 

918-20-2-5-8 

2 

3 

1 

2 

938-40-2 

2 

2 

2 

1 

950-3-5-6-8-60 

3 

3 

2 

1 

968-70 

- 

2 

- 

2 

968-74 

- 

1 

- 

978 

- 

1 

- 

- 

985 

- 

1 

- 

- 

986-98 

- 

1 

- 

- 

990-92 

- 

1 

- 

1 

1000 

- 

1 

1 

- 

1005-8-10 

2 

1 

2 

2 

1020 

1 

3 

- 

- 

1020-40 

1 

- 

- 

- 

1022-3-5 

1 

1 

- 

1 

1030-2-6-8 

1 

1 

- 

2 

1042-44 

- 

•a 

- 

1 

1050-52 

- 

3 

- 

1 

1060-2-6-8 

2 

2 

1 

2 

1070-73 

1 

2 

- 

1 

1078-80-2-3 

2 

1 

2 

2 

1188-90-2 

2 

2 

- 

1 

1200-2-5-8-10 

2 

3 

1 

1 

1218-20-2 

3 

1 

1 

- 
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WAVE 

NUMBER  CON'i'ROL 

PARALLEL 

POLARIZ. 

CONTROL 

cAMP 

PARALLEL 

POLARIZ. 

CAMP 

1224-25 

2 

1 

_ 

1228-30-3-6-8 

1 

3 

2 

1 

1244-45 

- 

2 

- 

- 

1242-50 

- 

1 

- 

- 

1250-54 

1 

2 

2 

- 

1260 

- 

2 

1 

- 

1260-70 

1 

- 

- 

- 

1268-70 

- 

3 

- 

1 

1277-80 

2 

1 

- 

- 

1288-90-2 

2 

- 

- 

1 

1308-10 

1 

2 

- 

2 

1320-22 

3 

- 

- 

- 

1300 

1338-40-2 

1 

2 

1 

- 

1347-50-2 

1 

2 

1 

1 

1358-60-2-4-6 

1 

2 

1 

2 

1368-70 

2 

- 

1 

- 

1370-80 

1 

- 

- 

- 

1375-6-8-80 

- 

3 

- 

1 

1385 

- 

1 

- 

- 

1390 

1 

1 

- 

1 

1385-1400 

1 

- 

- 

1395-8-400-3-5 

2 

3 

2 

1 

1408-10 

3 

— 

— 

— 

1425-6 

- 

1 

2 

- 

1430 

1448-50 

2 

2 

- 

1 

1458-60 

2 

3 

- 

1 

1468-70 

1 

1 

i 

- 

1478-80-3 

1 

1 

- 

2 

1486-8-90 

2 

1 

i 

1 

1495 

- 

1 

- 

- 

1498-1500 

1 

1 

~ 

- 

1525 

- 

1 

i 

- 

1530 

1 

1 

- 

- 

1536-8-40 

1 

1 

i 

2 

1570 

1 

1 

2 

- 

1570-78 

1 

- 

- 

- 

1570-90 

1 

- 

- 

- 

1575 

1 

- 

- 

- 

1578-82-3-4 

- 

2 

1 

1 

1588-90 

2 

- 

1 

1 

1608-10 

3 

3 

1 

1 

1612 

- 

- 

- 

1 

1626-7-30 

1 

1 

1 

1 

1648-50-3 

1 

- 

2 

1 

1658-60 

2 

2 

- 

2 

1664-8-72 

1 

- 

2 

1 

1680 

- 

1 

- 

- 

1688-90 

1 

2 

1 

1 

1694-6-8-1700 

3 

1 

1 

- 
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WAVE 

NUMBER 

CONTROL 

PARALLEL 
POLARIZ . 
CONTROL 

CAMP 

PARALLEL 

POLARIZ. 

CAMP 

1704-6-7-8-10 

2 

2 

1 

1 

1716-20-2 

1 

2 

1 

- 

1724-6-8-30 

3 

2 

- 

2 

1740-44 

2 

- 

- 

- 

1745-58 

- 

1 

- 

- 

1750-2-5 

- 

1 

2** 

2 

1760 

1 

2 

- 

- 

1765-8-70 

- 

2 

2 

1775 

2 

1 

_ 

- 

1780 

- 

2 

- 

- 

1787-8-90 

1 

- 

1 

2 

1796-8-1800 

1 

2 

1 

2 

1818 

1 

1 

- 

1 

1820 

1 

2 

- 

- 

1830 

- 

1 

- 

- 

1836-8-40 

1 

2 

1 

1 

1844-8-50 

- 

2 

1 

2 

1860-2-4-5-6 

2 

2 

1 

1 

1868 

- 

1 

- 

1 

1874-8-90 

1 

3 

- 

- 

1895-98 

2 

1 

- 

1 

1900-02 

- 

1 

- 

1 

1904 

- 

2 

- 

- 

1915-16 

1 

- 

- 

1 

1930 

2 

- 

2 

- 

1938 

- 

1 

- 

- 

1946 

- 

- 

- 

1 

1958-60 

- 

2 

1 

- 

1966-70 

- 

1 

2 

1 

1980 

1 

- 

- 

- 

1996 

- 

- 

- 

1 

*  Five  essentially  complete  (some  skipping  and 
duplicate  graphing  overlap)  and  one  partial 
replicate  (these  six  represent  three  separate 
scanning  experiments:  one  a  single  incomplete 
experiment,  another  scan  repeated  twice  and  a 
third  repeated  three  times ) . 

**  Two  replicates  (repeats  on  the  same  sample) . 

+  Four  replicates  (repeats  on  the  same  sample). 

++  Two  replicates  (repeats  on  the  same  sample). 

t  A  doublet  (d/)  begins  at  that  wave  number. 

#$  Bold  type  emphasizes  that  am  event  was  recorded 
two  or  more  times  at  that  wave  number. 

*  Underlined  wave  numbers  represent  wavelengths 
emitted  by  carotenoids  and  heme-containing 
proteins . 

00  The  underlined  2  at  1750  represents  2  graphic 
excursions  of  large  magnitude. 
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number  of  an  event  repeated  four  times.  Using  these 
same  treatments,  but  polarizing  emissions  parallel,  the 
six  replicates  produced  events  repeated  three  times  at 
134-6-8-42  and  306-7-8  or  four  times  at  1042-44,  1050- 

52,  1375-6-8-80  and  1765-8-70.  Summarizing  repetitions 

when  all  treatment  components  were  examined  for  common 
events  presented  numerical  logistical  problems.  To  min¬ 
imize  numbei s  from  the  14  replicates,  only  repeats  ap¬ 
pearing  five  or  more  times  were  recorded.  In  addition, 
these  repeats  were  subdivided  into  two  categories:  re¬ 
peats  appearing  in  any  three  out  of  four  treatment  com¬ 
ponents,  and  repeats  appearin'-  in  all  four  components. 
In  the  first  category  440-3-4,  450-53,  458-60-4,  472-5- 

6-8-80,  476-7-8-90,  504-8-10-1-2,  596-7-8-600,  690,  755- 
8-60-4-5,  898-900-4,  968-70/968-74,  1188-90-2,  1218-20- 

2,  1250-54,  1308-10,  1347-50-2,  1448-50,  1486-8-90, 

1536-8-40,  1688-90,  1694-6-8-1700,  1750-2-5,  1836-8-40, 

1844-8-50  were  all  repeated  five  times,  while  520-22, 
555-6-8-60,  1358-60-2-4-6,  1458-60,  1658-60,  1704-6-7-8- 
10,  1796-8-1800,  and  1860-2-'-5-6  appeared  six  times, 

1078-80-2-3  and  1228-30-3-6-8  repeated  seven  times,  and 
1608-10  was  common  to  eight  pooled  runs.  Those  having 
at  least  five  out  of  a  possible  fourteen  repeats  and 
appearing  in  all  four  treatment  components,  were  found 
at  318-20-5  and  358-60,  seven  repeats  at  626-8-30-5, 
638-40-2,  938-40-2,  1005-8-10,  1060-2-6-8,  1200-2-5-8-10 
and  1724-6-8-30,  eight  at  405-6-8-10,  670-5-8-80,  918- 

20-2-5-8,  1395-8-400-3-5,  nine  and  eleven  repeats  at 


950-3-5-6-8-60  and  720-1-3-4-8-30,  respectively. 

The  occurance  of  only  a  few  events  per  component 
category,  the  repetition  of  an  event  in  at  least  50%  of 
the  replicates,  a  relatively  narrow  range  of  wave  num¬ 
bers  in  an  event,  and  the  appearance  of  a  given  event  in 
>  3  treatment  components,  were  criteria  used  in  sugges¬ 
ting  that  an  event  may  be  characteristic  to  Y-l  cells 
irradiated  at  476.5  nm.  Thus,  non-polarized  emissions 
from  controls  appeared  in  a  narrow  event  range  in  50%  of 
the  replicates  at  three  different  wave  numbers,  ^50%  of 
the  polarized  control  cell  emissions  were  associated 
with  seven  narrow  range  events,  and  only  three  events 
were  narrow  range  in  44%  of  the  control  replicates 
regardless  of  polarity.  Because  of  the  number  of  runs 
on  different  Y-l  samples,  one  of  which  was  pooled  from 
cultures  of  three  different  doubling  numbers,  these 
emissions  may  be  considered  characteristic  of  the  var¬ 
ious  control  Y-l  cell  treatment  components  at  476.5  nm. 
Only  a  single  non-polarized  relatively  narrow  range 
emission  from  the  control/cAMP  treatment  component  was 
replicated  in  50%  of  the  runs.  Polarization  permitted 
detection  of  six  relatively  narrow  range  events  in  50% 
or  more  of  the  replicates.  The  relatively  large  number 
of  replications  available  by  pooling  all  treatment  com¬ 
ponents  revealed  that  sixteen  relatively  narrow  range 

emissions  occurred  >50%  in  three,  or  four,  of  the  compo¬ 
nents;  one  of  these  (720-1-3-4-8-30)  was  replicated 

eleven  out  of  fourteen  times. 


Events  at  480,  600,  900,  970,  1010,  1060,  1650,  and 
1750  are  associated  with  476.5  nm  irradiated  carotenoid 
and  heme  protein  emissions  (18).  Although  two  other 
wave  numbers  also  associated  with  these  molecules  (1330 
and  1430,,  events  were  cancelled  by  water  scan  back¬ 
ground  events.  If  water  events  at  1335  were  disregard¬ 
ed,  six  out  of  fourteen  events  would  be  recorded.  Simi¬ 
larly,  1418  and  1438  +5  water  events  cancelled  three 
events  centering  around  1430. 

Using  476.5  nm  irradiated  Y-l  adrenal  cells  encourag¬ 
ing  data  suggest  that  relatively  large  concentrations  of 
unique  intracellular  molecules  can  produce  characteris¬ 
tic  Raman  signatures  for  a  particular  cell  type.  In 
addition,  event  detection  appears  improved  using  a  pol¬ 
arizer.  This  implies  that  laser  Raman  spectrometry  may 
provide  a  semi-non-invasive  technique  to  develop  proced¬ 
ures  to  improve  nightvision,  study  age-related  pilot  vi¬ 
sion  deterioration,  to  diagnosis  cancer  early  in  Air 
Force  personnel  (4),  and  to  determine  dietary  and  exer¬ 
cise  regime  effects  on  physiological  and  chronological 
age  as  it  applies  to  individual  performance.  Y-l  adren¬ 
al  cell  use  as  study  models  is  particularly  important  to 
Air  Force  missions  because  adrenals  protect  personnel 
against  stress  (28).  Recent  Seattle,  Washington,  re¬ 
ports  about  microwave  irradition  effects  and  human  ad¬ 
renal  enlargement  amplify  these  concerns  (29). 

VI.  RECOMMENDATIONS; 

As  noted  previously  we  experienced  numerous  instances 
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where  events  were  undetected  due  to  mechanical  logis¬ 
tics.  Such  malfunctions  ci  ’ed  us  to  question  whether 
events  had  occurred,  or  whether  events  were  missed  dur¬ 
ing  scanning-time  for  another  event  because  the  spectro¬ 
photometer  cannot  detect  all  events  simultaneously.  Some 
of  these  mechanical  situations  resulted  from  attempts  to 
economize  by  recording  more  than  one  run  on  the  same 
graph  sheet  causing  overlapping  and  obscured  results. 
We  also  had  several  instarces  of  pen  skipping  causing 
event  loss.  For  future  experiments  I  strongly  recommend 
administrative  support  for  Dr.  Taboada's  plans  to  up¬ 
grade  the  spectrophotometer  by  linking  it  to  photon 
detectors  which  simultaneously  scan  broad  wave  bands. 
In  addition,  the  data  collected  by  the  detector  should 
be  fed  to  a  computer  and  programs  for  its  analysis, 
manipulation  and  comparison  should  be  implimented  ac¬ 
cording  to  Dr.  Taboada's  proposed  designs.  This  report 
was  delayed  by  the  necessity  of  two  individuals  manually 
reading  47  graphs  and  recording,  compiling,  asimilating 
and  analysing  the  resulting  data.  The  undertaking  re¬ 
quired  approximately  300  man-hours.  A  requirement  which 
discourages  the  dedicated  assult  which  the  problem  re¬ 
quires.  Note  that  a  number  of  our  investigations  are 
inconclusive  because  of  a  lack  of  replication.  One  is 
reluctant  to  do  this  replication  because  of  the  logisti¬ 
cal  problems.  Since  most  of  the  preceeding  recommenda¬ 
tions  have  been  initiated,  all  that  is  required  is 
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concentrated  financial,  technical  and  adainistrative 
support  for  their  completion. 

Until  the  spectrometer  is  updated  concerned  effort 
must  be  made  to  avoid  economization  by  recording  more 
than  one  run  on  the  same  graph  sheet.  To  avoid  pen 
skipping  which  caused  event  loss.  Dr.  Taboada  must  ob¬ 
tain  reliable  chart  recorders  from  the  equipment  pool. 
To  scan  all  events  through  2000/cm,  care  must  be  exer¬ 
cised  to  avoid  premature  run  termination  and  pen 
remaining  on  the  paper  as  the  machine  resets  itself. 

Specific  problems  which  require  further  investigation 
include  the  following. 

1.  Determining  practicality  of  the  scanning  method  sug¬ 
gested  by  Dr.  Taboada  ("tunneling"  the  laser  beam  into 
*he  edge  of  a  microscope  slide  to  which  cells  are  at¬ 
tached,  caromming  the  beam  from  surface  to  surface  down 
the  slide  and  scanning  the  stokes  and  anti-stokes  wave¬ 
lengths  emitted  from  contacted  cells  on  the  slide  sur¬ 
face  with  the  photon  detector). 

2.  Using  the  Coulter  counter,  further  experiments  are 
required  to  confirm  existing  data  on  Y-l  and  HEp-2  cell 
fragment  counts  and  refine  cell  diameter  ranges.  Lack 
of  cl?ar  results  in  the  Coulter  counting  experiments 
resulted  from  inconsistent  experimental  designs,  and 
lack  of  time  and  experience  with  the  counter. 

3.  Although  short  exposure  beam  effects  on  cell  mortali¬ 
ty  were  negligible  as  determined  by  counting  live/dead 
cells,  laser  effects  of  short-time  cell  exposure  on 
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physiological  parameters,  such  as  steroidogenesis,  re¬ 
main  to  be  determined. 

*•  Future  experiments  are  required  to  clarify  the  in¬ 
volvement  of  cell  surface  activity  and  mitosis  in  Raman 
activity.  There  depend  on  funds  becoming  available  for 
purchase  of  a  time-lapse  video  recorder  and  for  a  micro¬ 
scope  objective  more  powerful  than  the  existing  40X  to 
increase  cellular  details.  The  problem  of  insufficient 
illumination  experienced  during  our  summer  studies  can 
be  corrected  by  purchasing  a  video  camera  having  a  more 
sensitive  detection  system. 

5.  Emissions  by  intracellular  molecules  in  HEp-2  cAMP- 
and  ATP-treated  cells  irradiated  at  514  nm  need  to  be 
repeated.  In  the  two  replications  reported  above,  no 
lepeats  were  associated  exclusively  with  cAMP.  In  addi¬ 
tion,  ATP  was  only  used  once  as  a  HEp-2  treatment; 
results  were,  therefore,  inconclusive.  A3  noted,  all 
events  associated  with  a  single  treatment  component  will 
continue  to  be  inconclusive  if  they  occur  during  scan¬ 
ning-time  for  another  event  because  the  present  spectro¬ 
photometer  cannot  detect  all  events  simultaneously. 
The  cytochrome  response  to  irradiation  at  476.5  and  488 
nm  should  also  be  investigated  because  literature 
studies  indicated  that  HEp-2  cells  irradiated  with  6.5 
mm  radiowaves  of  1  mW/cm2  flux  density  reduced  cyto¬ 
chrome  oxidase  and  NAD-  and  NADP-diaphorase  activities 
(17).  Funds  from  a  1984  AFOSR/SCEEE  RISE  grant  could 
permit  continuation  of  these  investigations. 
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6.  Two  repeated  emissions  by  intracellular  molecules 
were  obtained  from  the  two  cAMP-treated  Y-l  replicates 
irradiated  with  514  nm  (Table  V).  Whether  these  events 
result  from  cAMP  treatment,  or  characteristic  emmisions 
of  the  Y-l  adrenal  cell,  was  uncertain  for  reasons 
described  above.  Since  control  cells  were  only  scanned 
once,  results  were  inconclusive.  There  were  too  few 
replicates  in  this  experiments  to  draw  conclusions  about 
"signature"  molecules  in  Y-l  cells  irradiated  at  514  nm. 

7.  There  were  no  repeated  emissions  by  intracellular 
molecules  in  the  cAMP-treated  Y-l  cells  irradiated  at 
488  nm.  Lack  of  repetition  of  this  cAMP  run  prevents 
conclusions  from  being  drawn.  As  discussed  previously, 
events  presently  noted  only  in  controls  may  also  occur 
but  be  missed  during  scanning.  In  addition,  the  three 
replications  of  the  experiment  do  not  seem  sufficient  to 
draw  conclusions  about  common  cellular  events,  although 
it  was  interesting  that  there  were  a  limited  number  of 
events  common  to  both  treatments.  In  particular,  those 
events  encompassing  a  range  of  6  -  8  wave  numbers  might 
represent  characteristic  Y-l  cell  molecular  emissions 
after  irradiation  at  488  nm.  More  replication  is  re¬ 
quired  to  verify  these  possibilities. 

8.  Techniques  for  enriching  cellular  carotenoids  in  Y-l 
and  HEp-2  cells  should  be  used  to  examine  effects  on 
signature  spectra.  In  addition,  inhibitors  which  bind 
or  poison  cytochromes  should  be  added  to  cell  suspen¬ 
sions  to  determine  effects  on  characteristic  emissions. 
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ABSTRACT 

The  Monte  Carlo  method  of  statistical  mechanics  has  been  applied  to 
the  study  of  the  structure  of  a  model  of  molten  methylethylimidazolium 
chloride,  which  is  one  constituent  of  a  class  of  room-temperature  molten 
salt3  which  are  being  studied  a3  possible  electrolytes  for  battery 
applications.  The  Monte  Carlo  studies  tend  to  confirm  the  view  of  the 
structure  of  these  ionic  melts  which  has  emerged  from  other  data  and 
ca3t  some  light  upon  clustering  phenomena  in  molten  salts.  Suggestions 
for  extension  of  the  present  work,  both  theoretically  and 
experimentally,  are  offered. 


I.  INTRODUCTION 


During  the  past  several  years,  a  substantial  amount  of  work  has 
been  done  in  the  Chemical  Sciences  Directorate  of  the  Frank  J.  Seiler 
Research  Laboratory  on  the  development  of  low-temperature  electrolytes 
for  battery  applications.  Work  at  the  Seiler  Laboratory  has  identified 
a  very  interesting  cla^s  of  room-temperature  molten  salts  which  appear 
to  be  most  promising;  in  addition,  these  salts  have  possible 
applications  in  electroplating.  The  salts  which  have  been  identified1 
and  studied  are  mixtures  of  aluminum  chloride  and  methylethylimidazolium 
chloride,  which  at  least  in  some  concentration  ranges  are  liquid  at 
temperatures  well  below  room  temperature. 

The  substantial  promise  shown  by  these  liquids  has  prompted  a  great 
deal  of  effort  to  determine  ar.d  understand  their  chemical  and  physical 
properties.  Careful  studies  of  their  phase  diagram,  conductivity,  and 
viscosity^,  as  well  as  of  their  nuclear  magnetic  resonance^  properties, 
have  recently  been  published.  The  NMR  studies  have  provided  information 
about  the  structure  of  the  melts,  and  a  systematic  analysis  of  the 
concentration  dependence  of  the  chemical  shifts  has  strongly  suggested 
the  existence  in  the  melt3  of  structure,  i.e.  a  tendency  of  the  ions  in 
solution  to  form  clusters.  Specifically,  Fanniu  et  al.3  have  proposed 
that  the  anions  and  cations  tend  to  form  "chains"  of  ions  of  alternating 
sign.  In  order  to  see  what  light  computer  simulation  techniques  could 


shed  on  this  problem,  it  was  decided  that  the  author  would  adapt  his 
Monte  Carlo  codes  to  perform  a  preliminary  study  of  the  problem  at 
hand. 


II.  OBJECTIVES 


The  objectives  of  this  project  were  to:  rewrite  the  existing  Monte 
Carlo  code,  which  has  been  used  to  study  a  number  of  liquid  systems 
including  molten  salts,  to  study  theoretically  one  of  the  melts  which 
has  been  studied  experimentally  at  the  Seiler  Laboratory;  to  construct 
potential  functions  a3  realistic  as  time  and  computer  resources  would 
permit  to  describe  the  melt;  and  to  compute  the  distribution  functions 
of  these  systems  using  the  Monte  Carlo  code  and  to  draw  whatever 
conclusions  proved  to  be  possible  about  the  extent  of  the  structure, 
i.e.  the  molecular  clustering,  in  these  melts. 

III.  COMPUTER  SIMULATION  TECHNIQUES 


The  two  principal  large-scale  machine  simulation  methods,  each  of 
which  has  some  variants,  are  the  Monte  Carlo  and  the  molecular  dynamics 
methods.  These  methods  have  been  discussed  in  detail  elsewhere**,  and 
here  it  will  be  noted  only  that  the  molecular  dynamics  method  has  the 
advantaga  that  transport  properties,  as  well  a3  equilibrium 
thermodynamic  properties,  can  be  calculated.  On  the  other  hand,  the 
Monte  Carlo  method  is  simpler  to  implement,  and  it  was  chosen  because  of 


the  lack  of  knowledge  about  the  intermolecular  interactions.  It  was 
felt  that  until  the  intermolecular  interactions  are  sufficiently  well 
characterized  that  equilibrium  thermodynamic  properties  can  be 
reasonably  accurately  calculated,  there  would  be  little  point  in 
attempting  to  calculate  the  (considerably  more  difficult)  transport 
properties.  Furthermore,  since  the  angular  correlations  which  were  used 
as  a  measure  of  molecular  clustering  are  equilibrium  properties,  the 
simpler  Monte  Carlo  method  was  sufficient  and  was  deemed  preferable. 

The  salt  that  was  studied,  pure  imidazolium  chloride,  is  molten  at 
temperatures  above  about  90°  C.  The  cation,  imidazolium,  is  a 
heterocyclic  planar  molecule.  The  author's  Monte  Carlo  codes  had  been 
written  to  treat  only  spherically  symmetric  intermolecular 
interactions.  Because  the  imidazolium  ring  cannot  be  regarded  in  any 
reasonable  approximation  as  being  spherically  .ymmetric,  the  (massive) 
job  of  converting  the  code  to  handle  nonspherical  interactions  had  to  be 
undertaken.  This  job  was  completed,  and  the  imidazolium  cation  wa3 
treated  as  a  positive  point  charge  surrounded  by  a  soft-core  repulsive 
potential  whose  equipotential  surfaces  were  ellipsoids,  the  elongation 
of  which  was  treated  a3  a  variable  parameter.  Then  the  standard  Monte 
Carlo  algorithm  was  used  to  generate  configurations  of  a  system  of  128 
particles  in  a  box  of  volume  V  at  a  temperature  T  with  probability 
proportional  to  the  Boltzmann  factor.  The  temperature,  density, 
molecular  sizes  and  elongation  were  chosen  to  approximate  the 
corresponding  parameters  for  imidazolium  chloride  at  a  temperature 
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elevated  somewhat  above  its  melting  point  because  of  the  well-documented 
tendency  of  molten  salts  not  to  "melt"  during  computer  simulations  close 
to  their  melting  point.  In  addition,  some  computer  runs  were  done  on  a 
model  of  sodium  chloride,  for  comparison. 

IV.  RESULTS 


The  purpose  of  the  computer  experiments  was  to  look  at  two-body  and 
three-body  correlations  among  molecules.  The  results  for  the  two-body 
correlations  are  expressed  In  terms  of  the  three  radial  distribution 
functions  which  determine  all  the  equilibrium  thermodynamic  properties 
of  such  a  system.  These  functions  were  examined  for  consistency,  for 
convergence,  and  for  overall  reasonableness;  they  appeared  to  be  what 
one  would  expect,  although  the  absence  of  experimental  information 
precludes  a  direct  comparison  with  experiment  (see  "Recommendations", 
below).  In  particular,  the  calculations  for  imidazolium  choride  (as 
well  of  course  as  those  for  sodium  chloride)  displayed  the  tendency 
always  seen"*  in  molten  salt  calculations  (and  in  those  experiments  which 
have  been  done)  to  be  "out  of  phase,"  indicating  that  the  positive  and 
negative  charges  have  a  definite  positional  correlation:  positive 
charges  are  surrounded  by  a  small  number  of  negative  charges  (a 
coordination  number  in  the  range  of  four  to  six). 

The  most  interesting  new  results  which  emerged  from  the  computer 
studies  were  calculations  of  the  three-particle  correlations,  somewhat 
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similar  to  calculations^  recently  done  on  other  chloroaluminate  melts. 
The  thermal  average  of  a  "bond"  angle,  namely  the  anion-cation-anion 
angle  for  all  triplets  where  two  anions  lie  within  one  coordination 
distance  of  a  cation  were  obtained,  both  for  a  model  of  molten  sodium 
chloride  and  for  a  model  of  molten  imidazolium  chloride.  For  the  case 
of  sodium  chloride,  relatively  few  of  the3e  angles  were  180°,  with  a  far 
larger  number  of  angles  at  or  near  90°  and  120°.  For  the  model  of 
imidazolium  chloride,  however,  a  very  large  preponderance  of  these 
anion-cation-anion  angles  were  close  to  180°,  with  smaller  secondary 
peaks  in  the  distribution  function  around  67°  and  109°.  This  clearly 
implies  the  existence  of  the  "stacking"  or  "cnainlike"  behavior 
postulated^  in  order  to  explain  the  NMR  structural  da„a. 

A  relatively  simple  physical  picture  emerges.  In  the  case  of 
simple  molten  salts  like  sodium  chloride,  it  has  been  shown^  that  even 
in  the  molten  phase  the  ions,  presumably  in  order  to  minimize  their 
electrostatic  energy,  form  a  liquid  with  short-range  order  much  like  the 
sodium  chloride  (NaCI)  lattice,  which  is  cubic.  The  author  would 
propose  that  the  major  difference  in  the  case  of  imidazolium  chloride  is 
the  fact  that  the  imidazolium  cation,  rather  than  being  spherical  like 
the  sodium  cation,  is  flat  ("pancake  shaped").  Thus,  a  chlorine  anion 
would  find  it  more  energetically  favorable  to  be  above  or  below  the 
center  of  the  Imidazolium  ring,  thereby  producing  precisely  the 
structure  predicted^. 


104-7 


V.  RECOMMENDATIONS 


Although  these  results  can  be  regarded  a3  only  preliminary,  partly 
because  of  the  lack  of  more  definite  knowledge  about  the  intermolecular 
interactions,  it  can  be  stated  that  they  are  physically  quite  reasonable 
and  most  encouraging.  In  order  to  make  further  progress  in 
understanding  tne  structural  properties  of  the  molten  salts  of  interest 
to  the  Se'ler  Laboratory,  it  would  seem  best  to  undertake  a  joint 
theoretical  and  experimental  program  to  study  the  structure  of  the  melts 
that  are  of  interest  and  under  consideration  as  possible  electrolytes. 
Specifically,  the  following  3teps  seem  to  be  the  most  reasonable: 

1 .  The  current  theoretical  efforts  to  model  the  imidazolium 
chloride  system,  using  all  data  available  (including  MNDO  calculations) 
to  prepare  the  be3t  intermolecular  potential,  should  be  continued.  In 
addition,  study  of  other  angular  correlations  among  triplets  by  the 
Monte  Carlo  method,  using  the  present  potential  functions,  should  be 
pursued  in  erder  to  make  clearer  the  nature  of  the  structure  of  the 
system. 

2.  An  experimental  study  by  X-ray  diffraction  of  molten 
imidazolium  chloride  should  be  performed  in  order  to  provide  an 
experimental  test  of  *he  assumed  potentials  and  of  the  radial 
distriuution  functions  computed  from  them.  Only  when  they  yield 
satisfactory  agreement  with  experimental  data  can  the  intermolecular 
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potentials  be  regarded  as  reliable,  and  only  when  the  internolecular 
potentials  are  reliable  can  the  conclusions  regarding  clustering  be 
regarded  as  anything  but  preliminary. 

3.  In  the  longer  run,  it  would  be  desirable  to  do  neutron 
diffraction  studies  of  imidazoliumn  chloride,  since  this  technique 
yields  information  complementary  to  that  obtained  by  X-ray 
diffraction. 

4.  Because  of  the  intended  application  of  these  molten  salts  as 
electrolytes  in  batteries,  the  question  of  their  transport  properties, 
e.g.  their  viscosity,  electrical  conductivity,  and  mobility,  is 
crucial.  As  soon  as  reasonably  accurate  intermolecular  potentials  are 
determined,  the  molecular  dynamics  method  should  be  applied  to  study 
these  transport  properties. 

5.  Finally,  of  course,  it  must  be  noted  that  the  actual  melts  of 
greatest  interest  include  aluminum  chloride  in  varying  proportions.  All 
of  the  above  steps  (computer  studies  of  the  structure  accompanied  by  X- 
ray  and  if  possible  neutron  diffraction  experiments  and  calculation  of 
the  transport  properties)  should  be  taken  in  the  case  of  these  melts. 
Although  this  is  a  rather  large  task,  it  is  felt  that  it  is  feasible  and 
that  the  preliminary  steps  reported  here  represent  a  very  good  start  on 
this  project. 
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Lena  Wright  Myers 
ABSTRACT 

This  research  pursuit  derived  from  an  indepth  review  of  related 
literature  in  an  effort  to  discover  and  delineate  the  incidences  of 
stress  and  the  techniques  employed  to  resolve  stress  v  ithin  military 
families.  It  offers  four  broad  questions  to  guide  a  projected  explora¬ 
tory  study.  The  exploratory  study  should  focus  on  the  possible  influ¬ 
ence  of  family  stress  on  occupational  commitment  or  job  involvement — 
by  comparing  stress  among  dual-career  and  non-dual-career  families. 

A  conceptual  framework  complemented  by  a  theoretical  orientation  for 
future  implementation  of  the  exploratory  research  is  provided. 
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I. 


INTRODUCTION 


The  primary  objective  of  the  initially  proposed  research  effort  for 
the  SCEEE  Fellow  was  to  discover  and  delineate  the  stress  resolution 
techniques  used  by  middle  age  (40-45  years)  United  States  Air  Force 
Aviators.  This  objective  was  subsumed  under  the  heading  of  Stress 
Resolution  Among  Middle  Age  United  States  Air  Force  Aviators.  However, 
as  a  result  of  dialogue  with  her  USAF  Research  Colleagues  during  her 
pre-summer  visit,  the  decision  to  pursue  research  on  Military  Family 
Stress,  including  the  same  objective  was  made.  This  decision  was  based 
on  knowledge  of  the  limitations  in  securing  an  adequate  sample  of  avia¬ 
tors  for  the  research  initially  proposed.  In  addition,  she  and  her 
colleagues  concluded  that  research  on  military  family  stress  would 
provide  a  more  broadly  based  set  of  data  than  that  previously  proposed. 
Being  knovledg  =aole  of  the  fact  that  a  period  of  ten  weeks  would  not 
permit  the  effective  implementation  of  an  empirical  research  project, 
she  and  her  USAF  Colleagues  decided  that  a  logical  point  of  departure 
would  be  that  of  an  indepth  search  of  related  literature. 

II.  OBJECTIVES 

The  indepth  search  of  related  literature  was  accompanied  by  the 
primary  preparatory  objective  of  developing  a  research  proposal  for  an 
exploratory  study  to  be  pursued  in  the  future.  From  this  primary 
preparatory  objective,  the  following  objectives  for  a  research  design 
were  developed: 

1.  To  explore  a  set  of  relationships  that  have  been  inadequately 
studied  in  part,  in  order  to  identify  promising  leads  for 
future  research;  and 
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2.  To  assess  the  reliability  and  validity  of  measures  that  could 
be  used  in  subsequent  research  dealing  with  work  and  family 
relations  in  the  military. 

III.  APPROACH 

In  order  to  accomplish  the  preceding  objectives,  an  indepth  review 
of  literature  was  conducted  by  using  various  indexing  services.  These 
sources  included:  Air  University  Libraries  (Specifically,  Maxwell  AFB, 
AL) ,  Strughold  Aeromedical,  Human  Resources  Laboratory,  University  cam¬ 
pus  libraries,  and  the  Researcher's  personal  library. 

IV.  THE  POSSIBILITY  OF  A  NEW  PARADIGM 

During  the  last  century,  the  U.S.  military  structure  has  experi¬ 
enced  a  demographic  transformation.  The  military  has  shifted  from  an 
institution  in  which  the  majority  of  the  personnel  were  unmarried  to  one 
in  which  the  major  icy  are  married.  As  a  result  of  this  demographic 
transformation  the  internal  structure  of  the  military  has  shifted  from 
individuals  of  families  of  origin  to  conjugal  families.  In  other  words, 
there  seems  to  exist  a  more  pronounced  trend  toward  familistic  institu¬ 
tions  today  than  in  previous  years. 

While  military  and  non-military  families  may  have  some  common 
experiences,  there  must  exist  some  differences.  Family  separation  and 
parental  role  changing  may  be  two  primary  factors  that  create  some 
forms  of  stress  for  these  families.  Separation  and  geographical  disrup¬ 
tion  are  generally  the  results  of  reassignment  of  the  active  duty  mem¬ 
ber  who,  in  most  instances,  is  the  husband/father.  When  these  husbands/ 
fathers  are  assigned  to  tactical  or  combat-ready  units  and  are  on  call 
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most  of  the  time,  they  may  be  unable  to  establish  regular  family  rou¬ 
tine.  On  the  other  hand,  wives  may  experience  particular  stress  in  an 
effort  to  assume  both  parental  roles  (if  there  are  children  within  the 
home),  and  in  some  instances,  the  occupational  role. 

An  effort  to  discover  and  delineate  the  incidences  of  stress  and 
the  techniques  employed  to  resolve  stress  within  military  families  i3 
of  primary  importance  to  the  researcher.  Therefore,  the  following  four 
basic  questions  to  guide  the  research  are  provided: 

1.  Do  men  and  women  of  military  families  experience  the  same 
incidence  of  stress? 

2.  Do  military  family  members  provide  a  supportive  environment 
which  may  enhance  stress  tolerance  or  do  they  exacerbate 
stress? 

3.  To  what  extent  is  commitment  to  the  military  occupational  role 
affected  by  family  related  stress?  and 

4.  Has  the  rapidly  increasing  number  of  dual  career  families  in 
the  military  created  stress  that  affects  military  occupational 
role  performance? 

Even  though  the  preceding  are  broad  questions,  the  researcher  is  cast¬ 
ing  a  broad  net  in  pursuit  of  an  exploratory  study  in  order  to  identify 
interesting  relationships  that  could  be  studied  more  intensely  in 
follow-up  research.  In  addition,  there  is  an  emphasis  in  the  proposed 
future  research  that  differentiates  it  from  most  of  the  previous 
research.  That  emphasis  is  upon  the  effects  of  family  stress  on  work 
attitudes  and  behavior.  Most  of  the  previous  research  has  been  of 
effects  in  the  opposite  direction,  i.e.,  the  influence  of  being  in  the 
military  upon  the  family. 


105-6 


A.  Review  of  a  Relearnt  Stud 


The  following  study  is  discussed  in  more  detail  than  others  due 
to  the  fact  that  it  produces  evidence  regarding  the  importance  of  the 
military  family.  It  is  especially  relevant  because  it  is  a  study  of 
Air  Force  personnel  and  it  points  to  many  unanswered  questions  including 
some  to  be  studied  in  the  follow-up  proposed  research. 

In  May,  1984,  two  scholars  conducted  an  investigation  of  occu¬ 
pational  and  domestic  sources  of  pilot  mental  health  and  performance 
(1).  The  primary  objective  was  to  determine  the  effects  of  occupational 
and  domestic  sources  of  stress  on  pilot  health,  job  satisfaction,  and 
performance.  Mailed  specifically  designed  and  pre-designed  question¬ 
naires  generated  responses  from  (N  ■  523)  pilots  with  a  52.3%  response 
rate,  through  the  British  Airline  Pilots  Association  (BALPA)  based  in 
London.  The  3ivil  Aviation  Authority  Medic  for  Manchester  Airport  also 
served  as  a  contact  for  additional  subjects.  A  sample  of  280  pilots' 
wives  with  a  response  rate  of  56%  was  also  used. 

There  were  eleven  trends  in  terms  of  stressors  experienced  by 
pilots  identified  in  the  research.  These  included:  control  scheduling, 
rostering,  anxiety  of  courses  and  checks,  home/work  interface,  career 
and  achievement,  insufficient  flying  responsibility  and  decision  making, 
interpersonal  problems,  management  and  organizational  issues,  domestic 
status,  fatigue  and  flying  patterns.  The  three  concerns  relative  to 
life  events  were  emotional  losses,  pilot  characteristics,  and  emotional 
gains.  Subsumed  under  coping  strategies  were:  stability  of  relation¬ 
ship  and  home  life,  social  support,  and  wives'  involvement. 


The  results  of  the  study  included  the  following: 

— The  investigation  of  domestic  stress  involved  the  identifi¬ 
cation  and  testing  of  twenty-nine  issues. 

— Responses  indicate  idiosyncracies  of  pilots'  home  life. 

— The  pilots  were  generally  worried  about  problem  identifica¬ 
tion  and  achievement. 

— Factors  relating  to  control,  achievement,  careers,  and 
domestic  health  emerged;  many  of  which  contributed  to  occu¬ 
pationally  oriented  trends. 

— There  was  a  clear  indication  that  domestic  issues  related  to 
occupational  oriented  trends. 

— With  reference  to  the  stressors  at  home  that  may  affect  work, 
the  greatest  impacts  were  related  to  unresolved  and  ongoing 
situations. 

— When  all  items  were  loaded  onto  one  single  factor  (stability) 
the  items  all  related  to  the  same  issue  (i.e.,  relationship 
between  home  and  work) .  This  factor  was  a  significant  nega¬ 
tive  predictor  of  depression. 

— Stressful  experiences  from  home  to  work  were  uniformally 
summarized  in  terms  of  a  horae/work  relationship. 

— Domestic  stresses  at  work  tend  to  be  cognitive  rather  than 
behavioral . 

— The  four  factors  of  coping  strategies  among  the  pilots  were: 
stability  of  relationship  and  home  life,  reason  and  logic, 
social  support  and  wife's  involvement.  Home  life  was  found 
to  play  a  major  role  in  coping. 


— The  overall  theme  for  ill  health  was  centered  around  achieve¬ 
ment  and  success,  and 

— The  sources  of  stress  identified  by  pilots'  wives  were: 
adopting  domestic  roles,  job  loss  threats  to  marital  rela¬ 
tions,  and  the  lack  of  an  active  role  in  the  husband's  career 
progression  and  social  problems.  Other  interesting  findings 
were  that  the  wives  perceived  pilot  job  stress  as  being 
related  to  work  pattern  fatigue,  anxiety  of  courses  and 
checks;  job  stress  on  pilots  relating  to  irritability, 
tension,  and  decreased  performance. 

B.  Review  of  Other  Related  Literature 

According  to  some  scholars,  problems  of  the  army  family  have 
received  relatively  little  attention  in  past  research  on  the  military 
(2).  They  offer  as  a  possible  reason  for  the  lack  of  research  on  the 
army  family  as  due  to  the  very  small  percentage  of  married  army  person¬ 
nel  in  the  past  years.  Providing  supportive  data  on  the  increase  in 
the  percentage  of  married  army  personnel,  they  state,  "The  fact  that 
many  soldiers  now  have  family  responsibilities,  in  addition  to  their 
army  responsibilities,  suggests  that  promotion  and  maintenance  of  family 
harmony  should  act  to  promote  job  satisfaction  and  high  levels  of  job 
performance  among  soldiers  from  these  families."  However,  Woelfel  and 
Sevell's  study  showed  no  relationship  between  job  satisfaction  and 
marital  satisfaction. 

Hunter  and  Nice  suggest  that  military  duty  presents  a  dangerous 
threat  to  the  person  in  the  military  and  the  other  members  of  his/her 
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family.  They  state  that  even  though  families  are  identified  as  being 
of  importance  to  military  life,  military  planners  and  leaders,  analysts, 
and  civilian  leaders  focus  on  hardware-oriented  capabilities  of  military 
personnel  rather  than  on  how  families  affect  mission  accomplishments. 

The  editors  noted  that  in  recent  years,  however,  the  military  organiza¬ 
tion  has  changed  rapidly  and  more  attention  is  given  to  family  factors 
than  in  previous  years  (3) . 

Reinerth  states  that  the  presence  of  the  service  family  is, 
further,  a  relatively  new  phenomenon  arising  from  the  need,  since  World 
War  II,  for  a  large  standing  armed  force  as  an  aspect  of  national  policy. 
She  suggests  that  the  military  family  can  be  viewed  as  an  asset  £r  a 
liability  to  the  person's  traditional  performance  of  military  duty. 

Yet  she  identifies  it  as  being  unique  and  different  in  structure  and 
attitude  as  compared  to  civilian  life  in  general  (A).  She  notes  that 
frequent  long-term  separation  of  family  members  and,  chronic  mobility 
that  require  adjustment  and  readjustment  to  different  environments  can 
produce  stress  that  may  be  disruptive  to  interpersonal  family  relations 
and  to  the  performance  of  military  duty.  What  can  society  do  to  make 
the  stress  a  little  more  bearable  for  military  family  members?  She 
suggests  that  in  some  cases,  society  can  prepare  the  family  members  for 
the  stress  of  separation  by  providing  roles  and  norms  of  behavior  before 
the  separation  occurs.  The  preceding  statement  may  be  interpreted  that 
some  degree  of  chronic  stress  may  be  advantageous  in  preparing  for 
crises  as  a  result  of  predefined  roles  or  pre-planned  forms  of  behav¬ 
ioral  adjustment.  Considering  the  fact  that  it  is  not  necessarily  a 
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common  practice  for  a  predefinition  to  occur,  and  regardless  to  the 
reason  or  length  of  the  male  absenteeism,  it  becomes  very  important  for 
the  wife  to  assume  certain  roles  as  the  remaining  spouse.  This  implies 
that  it  is  the  wife's  role  that  may  require  the  most  readjustment. 

A  number  of  authors  have  discussed  how  military  life  has 
loosened  ties  between  military  men's  conjugal  families  and  their  ex¬ 
tended  families  and  communities.  They  surmised  that  should  the  trend 
level  ofE,  there  are  few  indications  that  the  military  will  follow  suit 
and  place  families  close  to  their  homes  of  origin  (5,  6,  7). 

One  writer  asks  the  question:  what  happens  to  families  during 
the  separation  from  the  other  family  members?  Then  he  attempts  to 
answer  that  question  by  saying  that  the  families  are  required  to  move 
off  post  and  relinquish  ties  to  the  military  community  when  these  ties 
are  most  neede-c.  especially  if  relatives  are  not  close  by  to  provide 
support.  He  goes  on  to  say  that  should  such  relatives  be  available, 
excessive  dependency  on  those  relatives  may  develop  (8). 

To  what  extent  are  military  wives  involved  in  their  husbands' 
careers?  Existing  social  scientific  literature  usually  categorizes 
responses  to  this  question  into  three  major  orientations.  The  first  of 
these  is  referred  to  as  the  housewife  which  is  characterized  by  complete 
isolation  from  her  husband's  work.  This  type  is  not  programmed  by  the 
occupational  conditions  of  the  husband,  but  is  a  result  of  her  lack  of 
personal  interest  or  the  non-interference  policy  that  may  be  exhibited 
by  her  husband.  The  second  type  is  referred  to  as  the  Corporate 
Executive's  Wife.  This  type  is  characterized  by  isolation  or  involve¬ 
ment  in  the  husband's  career.  Thus,  involvement  or  lack  of  involvement 
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is  regulated  by  her  husband's  employer.  The  thi'd  type  consists  of 
wives  of  diplomatic  career  officials,  some  clergymen,  and  other  profes¬ 


sionals.  This  type  is  the  recipient  of  prescriptive  behavior  of  full 
participation  in  the  duties  and  activities  that  surround  her  husband's 
formal  appointment  cr  occupation.  IU  r  invol,,c,jciit  is  not  regarded  as  a 
potential  interference  with  her  husband's  career.  In  other  words,  she 
is  complementary  to  her  husband's  career  successes  (9).  The  primary 
objective  of  research  that  was  done  by  Stoddard  and  Cabanillas  was  to 
clarify  the  role  of  the  Army  Officer's  wife  and  the  changes  that  occur 
within  it.  They  hypothesized  that  role  stresses  experienced  by  the 
officers'  wives  would  increase  directly  with  the  number  of  years  of 
th«.  ‘  '  husbands'  service  and  their  attainment  of  higher  rank  and  the 
duration  of  his  military  career.  However,  this  hypothesis  was  validated 
only  during  tne  first  half  of  the  officers'  career.  Thereafter,  depend¬ 
ing  upon  perceived  opportunities  whicn  might  result  from  continued 
subjugation  of  personal  and  family  needs  to  the  requirements  of  an 
officer's  wife,  the  decision  to  retire  at  the  end  of  a  20-year  career 
was  accompanied  by  a  rapid  decrease  in  role  stresses. 

One  author  examines  the  changing  role  and  perspectives  of  Air 
Force  wives  in  terms  of  American  societal  trends  (10).  The  following 
questions  were  raised:  Are  Air  Force  wives  still  oriented  to  their 
traditional  roles,  or  have  other  pursuits  become  more  important?  What 
do  they  want?  What  are  their  points  of  view?  Should  they  have  a  role? 
Should  they  be  required  or  expected  to  participate  in  Air  Force  activ¬ 
ities?  What  do  they  want  from  life?  Does  the  Air  Force  complement  or 
conflict  with  their  personal  lives,  jobs,  families,  husbands,  or  sense 


of  selves?  A  survey  relative  to  the  preceding  questions  was  conducted 
from  a  sample  of  wives  of  students  and  faculty  members  at  the  Senior 
Noncommissioned  Officer  Academy,  Squadron  Officer  School,  Air  Command 
and  Staff  College,  and  wives  of  noncommissioned  officers  serving  in  the 
Headquarters  Squadron  at  Maxwell  Air  Force  Base.  From  the  (N  »  242)  who 
responded  to  the  survey,  the  results  were  as  follows:  (1)  If  given  the 
opportunity  to  voluntarily  choose  preferred  Air  Force  Activities,  wives 
do  not  object  to  participation;  (2)  Traditional  roles  for  the  respon¬ 
dents  have  changed,  allowing  them  more  freedom  to  pursue  their  own 
interests  with  support  from  their  husbands,  simultaneously;  and  (3) 

Most  wives  are  happy  with  the  Air  Force  in  cases  where  it  does  not 
interfere  with  their  jobs,  families,  or  personal  lives. 

At  the  Conference  on  Current  Trends  and  Directions  of  Military 
Family  Research  in  San  Diego,  California  in  1977,  the  words  of  Dr. 
Benjamin  Schlesinger  of  the  University  of  Toronto  suggest  the  need  for 
the  proposed  research  and  are  as  follows: 

I  am  optimistic  about  the  family;  I  believe 
it  will  survive,  let  us  look  and  do  some 
research  on  what  allows  thousands  of  military 
families  to  manage.  What  makes  these  families 
tick?  Percentage-wise,  there  are  more  military 
families  who  manage  despite  tremendous  pressures, 
despite  the  moving,  and  we  can  learn  from  those 
who  are  surviving  and  help  those  who  are  not. 

Let  us  not  forget  that  families  have  tremendous 
strength;  let  us  build  on  them...  (11). 


105-13 


C .  The  Theoretical  Orientat ion 


According  to  Commander  Call,  March-April,  1984: 

Stress  is  no  stranger  to  the  military,  since 
our  purpose  in  being  is  to  respond  to  exactly 
the  threat  that  our  ancestors  had  to  confront, 
but  with  small  differences — it  must  be  an 
organized,  integrated  effort  of  highly  cohe¬ 
sive  individuals  confronting  a  known  enemy. 

However,  the  less  conspicious  counterpart  of 
this  stress,  equally  destructive  is  the  stress 
that  impacts  upon  as  on  a  daily  basis,  at  work 
and  at  home  (12). 

The  concept  of  stress  may  be  viewed  from  a  number  of  perspec¬ 
tives.  One  author  suggests  that  previous  definitions  of  stress  derived 
from  three  primary  points  of  departure:  (1)  the  physical  sciences  (a 
farce  that  distorts  a  body);  (2)  the  physiological  concept  of  homeostasis 
(the  disruption  of  the  homeostatic  conditions  of  the  organism);  and 
(3)  psychological  (a  factor  or  situation  which  poses  some  threat  to  the 
physical  and  social  well-being  of  the  individual,  frustrates  the  achieve¬ 
ment  of  some  desired  goal,  or  elicits  avoidance  reactions)  (13).  Chiles 
states  that  man  is  a  psychological  system  that  learns,  strives,  tires, 
ar.d  fears.  He  suggests  that  "in  evaluating  a  given  situation  that  we 
may  suspect  to  be  stressful,  we  should  first  consider  the  nature  of  the 
forces  acting  upon  the  individual  and  the  relationship  those  forces 
have  to  the  psychological  systems." 
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According  to  McGrath, 

Social-psychological  stress  can  arise  from 
situational  conditions  which  lead  to  subjec¬ 
tive  or  cognitive  appraisal  of  threat.  The 
threat  can  involve  actual  or  anticipated  harms 
tc  the  physical  self,  the  psychological  self 
and/or  interpersonal  relations.  The  threat 
may  also  derive  from  conditions  of  the  physi 
cal  and/or  social  environment  which  deprives 
the  individual  of  opportunities  to  satisfy 
physical,  psychological,  and/or  interpersonal 
needs  ( 14)  . 

The  author  concludes  that  the  occurrence  of  stress  and  its  effects  can 
be  measured  at  physiological,  psychological,  behavioral  (task  and  inter¬ 
personal  per forrunces) ,  and  at  the  organizational  level. 

A  medical  sociologist  identifies  stress  as  a  discrepancy  be¬ 
tween  the  demands  impinging  upon  an  individual — whether  the  demands  are 
external  or  internal  challenges  or  goals,  and  the  individual's  responses 
to  these  demands  (15).  However,  in  his  discussion  of  stress  and  work, 
another  scholar  simplifies  the  medical  sociologist's  concept  of  stress, 
to  which  he  refers  as  "the  failure  of  routine  methods  for  managing 
threats. "  Gross  perceived  a  form  of  slow  stress  that  may  be  the  result 
of  a  career  in  an  organization;  stress  in  the  occupational  role  (diffi¬ 
culty  in  doing  what  is  expected  of  the  individual);  and  organizational 
structure  stress. 
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As  noted  by  Hovath,  the  primary  problem  in  compiling  the  liter¬ 
ature  on  stress  is  that  the  concept  of  stress  ha.  been  used  with  so  many 
different  meanings  that  there  no  longer  seems  to  be  one  thing  called 
"stress”  which  can  be  the  subject  of  an  overall  review  (16).  According 
to  this  author,  the  concept  of  stress  appears  frequently  in  articles 
withouc  any  mention  of  what  the  author  (writer)  means  by  the  term. 
Therefore,  such  confusion  in  the  lack  of  a  workable  definition  of  stress 
leaves  two  choices  to  the  reviewer.  These  may  be:  (1)  to  consider  all 
experiments  that  are  referred  to  as  investigations  of  stress  or  (2) 
consider  only  the  experiments  that  fit  the  reviewer's  definition  of 
stress. 

V.  RECOMMEyOATION’ :  A  CONCEPTUAL  FRAMEWORK 

Much  has  been  said  about  military  families  in  general  with  some 
redundancy.  Bat,  what  about  dual  career  families?  The  number  of  such 
families  has  increased  in  the  military  at  a  rate  even  higher  than  among 
civilians.  Dual  careers  must  contain  special  potential  for  creating 
stress  in  the  military.  For  example,  if  one  spouse  is  transferred  to 
another  post,  does  the  other  give  up  a  career  and  start  over  in  the  new 
setting?  On  the  other  hand,  temporary  duty  separations  might  be  more 
easily  dealt  with  if  the  spouse  left  behind  is  busily  employed.  However 
what  happens  in  these  circumstances  to  procedures  for  child  care  if 
they  involve  both  spouses?  This  has  relevance  to  question  number  _1 
which  the  researchers  raised  in  the  Introduction  to  the  proposal.  This 
could  be  looked  at  in  terms  of  differences  in  how  employment  for  men 
and  women  is  traditionally  defined,  and  how  trends  are  changing  in  the 
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military.  One  approach  could  be  to  compare  stress  among  dual  career 
families  and  non-dual  career  families. 

The  dramatic  increase  in  the  labor  force  participation  rate  of 
women  over  the  past  two  decades  has  produced  a  much  higher  proportion 
of  dual  career  families.  Because  of  rising  prices,  low  military  pay, 
and  diminished  benefits,  this  pattern  has  occurred  even  more  rapidly 
among  armed  services  wives  than  among  their  civilian  counterparts  (17). 

In  a  review  of  literature  on  military  families.  Hunter,  et  al, 
note  that  among  the  major  changes  that  have  occurred  since  the  shift  to 
an  all  volunteer  force  in  1973  are  more  dual  career  families  and  all 
military  families,  a  greater  number  of  active  duty  mothers  and  more 
single  parent  families  within  the  military  system  (18).  These  changes 
are  not  only  a  consequence  of  the  increasing  labor  force  activity  of 
women,  but  also  of  the  rapid  increase  in  the  number  of  military  person¬ 
nel  who  are  married.  Members  of  the  Air  Force  with  families  now  com¬ 
prise  more  than  two  thirds  of  the  total  force  (19). 

Most  of  the  research  that  has  been  conducted  on  dual  career  fami¬ 
lies  has  emphasized  the  stress  which  this  pattern  creates.  Sources 
of  stress  include  problems  in  the  division  of  household  chores,  child 
care,  career  disruptions  occasioned  by  the  transfer  of  one  spouse  to 
another  location,  and  problems  in  the  relative  commitment  of  each 
spouse  to  career  and  family  (20) . 

Several  recent  studies  suggest  that  these  stresses  for  working 
couples  may  be  even  more  acute  in  the  military  because  of  the  amount  of 
geographic  mobility  than  these  positions  entail  (21).  Williams  for 
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example,  found  an  Increased  amount  of  anxiety  among  dual  career  military 
families  as  the  time  for  new  duty  assignments  approached. 


Suter  also  found  that  transfers  were  the  most  often  stated  problems 
by  military  working  couples  and  that  both  military  members  and  their 
working  spouses  showed  a  high  level  of  frustration  in  attempting  to 
manage  a  two  career  lifestyle  (22). 

There  is  some  evidence  that  there  may  be  a  greater  problem  for 
women  in  the  military  than  tor  men.  The  major  conclusion  reached  by 
Woefel  was  that  at  least  among  persons  in  the  enlisted  ranks,  family 
life  had  more  impact  upon  the  Job  performance  and  job  satisfaction  of 
women  soldiers  than  men  soldiers  (23).  One  reason  for  expecting  differ¬ 
ences  between  men  and  women  in  the  extent  to  which  family  life  influ¬ 
ences  occupational  role  performance  is  the  effect  of  what  has  been 
termed  "asymmetrical  permeable  boundaries  between  work  and  family 
roles."  The  work  role  is  traditionally  more  vulnerable  to  family 
demands  for  women  than  for  men  and  this  has  been  identified  as  a  major 
source  of  stress  for  women  on  the  job  (24). 

While  there  have  been  some  studies  of  dual-career  military  fami¬ 
lies,  this  research  has  raised  more  questions  than  it  has  answered  and 
among  the  questions  that  have  been  raised  are  those  listed  earlier  as 
the  guiding  questions  for  the  proposal  in  process.  The  proposal  in 
process  should  help  to  answer  the  questions  such  as  whether  dual  career 
produce  more  stress  for  women  than  for  men,  whether  there  are  particular 
family  patterns  and  characteristics  that  either  enhance  stress  tolerance 
or  exacerbate  stress,  and  whether  stress  generated  by  dual  careers 
affect  military  occupational  role  performance  and  reduces  commitment  to 
a  military  career. 
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It  has  been  only  during  the  past  few  decades  that  any  concentrated 
research  attention  has  been  given  to  the  military  family.  McCubbin  and 
Dahl  have  documented  the  fact  that  the  sociological  study  of  the  mili¬ 
tary  family  is  an  especially  neglected  research  area  (25).  Of  the 
research  that  has  been  done,  there  has  been  much  more  attention  to 
effects  of  the  military  career  upon  the  family  than  to  ways  in  which 
family  stress  may  affect  work  attitudes  and  behavior.  Kanter,  however, 
has  argued  convincingly  that  there  are  important  effects  of  family  life 
on  work  as  well  as  the  more  frequently  studied  effects  of  work  on  the 
family  (26) . 

One  potentially  important  effect  that  does  not  appear  to  have  been 
studied  at  all  is  the  possible  influence  of  family  stress  on  occupa¬ 
tional  commitment  or  job  involvement.  An  extensive  review  of  both  the 
family  literature  and  job  involvement  literature  shows  no  research  on 
this  relationship.  There  is  a  large  and  rapidly  growing  number  of 
studies  dealing  with  job  involvement,  work  as  a  central  life  interest, 
perceived  importance  of  work,  and  occupational  commitment  (27,  28). 

Work,  and  family  are  typically  not  separate  and  isolated  arenas.  It 
seems  reasonable  to  expect  that  marital  stress  would  influence  level  of 
commitment  to  work  and  as  a  result,  would  affect  occupational  role 
performance  and  even  the  decision  to  stay  on  the  job.  The  latter  effect 
should  be  of  special  interest  to  the  military  because  of  its  concern 
with  retention  of  personnel. 

Occupational  commitment  has  been  conceptualized  by  Faunce  as 
"self-investment  in  work."  Self-investment  is  defined  as  a  commitment 
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to  work  based  on  the  relevance  of  work  related  values  to  self-esteem 
(29,  30,  31).  The  research  evidence  indicates  that  work  is  the  major 
source  of  gains  or  losses  in  self-esteem  for  some  people,  while  for 
others,  work  has  almost  no  bearing  upon  how  they  feel  about  themselves. 
This  variation  clearly  has  an  important  influence  upon  work  attitudes 
and  behavior.  Research  from  which  it  is  possible  to  infer  differences 
in  self-investment  in  work  have  been  done  in  a  large  number  of  occupa¬ 
tions,  but  there  do  not  appear  to  be  any  studies  of  the  military. 
Analysis  of  factors  that  affect  the  self-investment  in  work  of  Air 
Force  personnel,  including  family  related  stress,  should  produce  new  and 
potentially  useful  information. 

The  efforts  included  in  this  final  report  will  result  in  a  research 
proposal  for  an  exploratory  study  that  will  respond  to  the  four  basic 
questions  to  guide  the  research  listed  earlier. 
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ABSTRACT 

The  oxidation  of  hydrazine  in  air  has  been  studied  in  a 
350-liter  chamber  made  of  Teflon®  film  using  long-path  Fourier 
transform  infrared  spectroscopy  (FTIR) .  Among  the  chamber 
characteristics,  its  leak  rate  is  found  to  be  negligible,  ana 
the  complete  purging  is  shown  to  require  a  volume  of  fresh, 
dry  air  six  times  the  volume  of  the  chamber. 

In  the  chamber,  the  rate  of  hydrazine  air  oxidation  i3 
strongly  dependent  on  air  humidity.  With  dry,  purified  air 
the  half-life  of  hydrazine  in  the  chamber  is  reproducible  and 
has  an  average  value  of  12.6  -  0.6  hours.  The  reaction  rate 

(fa 

is  found  to  increase  with  increase  in  Teflon  surface  (increase 
in  surface  to  volume  ratio)  m  the  chamber.  The  reaction  rate 
is  also  strongly  influenced  by  the  type  and  area  of  other 
surfaces  placed  in  the  chamber.  Among  the  surfaces  studied, 
copper  increases  the  reaction  rate  the  most  followed  by  paint¬ 
ed  surfaces,  aluminum,  and  stainless  steel  (Type  302),  in  that 
order.  Suggestions  for  further  research  in  this  area  are 
offered. 
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I.  INTRODUCTION : 


Hydrazine  (NjH^)  is  an  important  member  of  the  family 
of  high  energy  fuels  widely  used  by  the  United  States  Air 
Force  and  Space  Transportation  System.  For  example,  hydra¬ 
zine  as  a  70%  solution  in  water  is  used  as  a  propellant  for 
the  emergency  power  unit  (EPU)  of  the  F-16  fighter  plane. 

A  50-50  blend  of  N2H4  and  unsyrametrical  dimethylhydrazine 
(UDMH) ,  known  as  Aerozine-50,  is  used  as  a  fuel  for  the 
Titan  missile.  Hydrazine  and  monomethylhydrazine  (MMH)  are 
used  in  the  Space  Shuttles  as  propellants  for  the  thrusters 
and  for  the  auxiliary  power  units. 

Hydrazine  and  its  derivatives  are  highly  toxic.  The 
recommended  maximum  exposure  to  hydrazine  propellants  is 
extremely  low.  NIOSH  recommends  30  ppb  for  hydrazine.  The  ^ 
widespread  usage  of  hydrazine  with  its  documented  toxicity 
to  humans  and  other  organisms  makes  it  necessary  to  charac¬ 
terize  the  processes  which  control  the  fate  of  hydrazine  in 
the  environment.  In  view  of  the  problems  associated  with 
spills  and  vapor  releases  which  occur  during  handling,  storage 
and  transport  of  hydrazine,  this  study  was  undertaken  to 
characterize  the  kinetics  of  air  oxidation  of  hydrazine. 

Previous  work  in  this  area  by  Stone^  using  glass  reaction 
chambers  (30  ml  -  55  1)  had  established  that  the  hydrazine 
oxidation  in  air  proceeds  by  the  main  reaction: 

N2H4(g)  +  02(g)  — *  N2(g)  +  2H20(g)  U) 

The  production  of  small  amounts  of  ammonia  during  the  oxida¬ 
tion  was  also  reported  and  was  attributed  to  heterogeneous 
side  reactions.  The  rate  of  hydrazine  air  oxidation  was 
found  to  be  strongly  dependent  upon  the  reaction  cell  geometry, 
surface  composition  of  the  cell,  and  its  surface  to  volume 
ratio. 

Stone's  experiments  involved  small  glass  reaction  chara- 
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bera  with  high  surface  to  volume  ratios  (minimum  0.3  cm”*) . 

Actual  air  oxidation  of  hydrazine  in  ambient  atmosphere  is 

■*6  4 

expected  to  encounter  a  surface  to  volume  ratio  of  9xlQ~  cm“l# 
Stone's  kinetic  study  has  been  extended  by  Pitts  and  co- 
workers^'®  at  the  Statewide  Air  Pollution  Research  Center 
(SAPRC)  of  the  University  of  California  at  Riverside  using 
experimental  conditions  approaching  those  of  the  ambient  at¬ 
mosphere  . 

The  SAPRC  experiments  were  conducted  using  2800-1  and 
6400-1  Teflon  reaction  chambers  with  significantly  lower 
surface  to  volume  ratios.  Teflon  was  chosen  because  of  its 
expected  inertness  in  these  processes.  Unfortunately,  only 
a  limited  number  of  kinetic  runs  were  made  and  the  reported 
values  for  the  half-life  (T)  of  the  hydrazine  decay  in  air 
showed  considerable  scatter  (Table  1).  Nevertheless,  the 
data  still  agrees  with  the  trends  in  the  rates  of  hydrazine 
air  oxidation  reported  earlier.  The  half-life  obtained  with 
the  6400-1  reaction  chamber  was  longer  than  that  obtained  in 
the  3800-1  chamber.  The  half-life  obtained  with  wet  air  was 
lower  than  that  with  dry  air.  The  accelerated  decay  of  the 
hydrazines  in  wet  air  had  been  observed  before  by  Stone^. 

The  purpose  of  the  present  stt’-iy  was  to  obtain  reliable 
kinetic  data  for  the  air  oxidation  of  hydrazine  by  using  ex¬ 
perimental  conditions  similar  to  those  used  at  the  SAPRC. 

II.  OBJECTIVES : 

This  project  had  two  sequential  goals.  The  first  goal 
was  the  determination  of  the  characteristics  of  a  newly-con¬ 
structed  reaction  chamber  made  of  Teflon®  film  for  the  air 
oxidation  of  hydrazine.  The  characterization  involved  the 
physical  properties  oi  the  chamber  (leak  rare,  purging  time 
etc.)  and  the  effects  of  the  chamber  (surface,  surface/volume 
ratio,  etc.)  on  the  stability  of  hydrazine  fuel  vapors  at 
selected  parts-per-million  concentration  levels.  The  second 
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TABLE  1. 


DECAY  OF  HYDRAZINE  IN  AIR  IN  TEFLON  CHAMBERS. 


Chamber  Size  Relative  Length  of  Half-Life 

(liters)  Humidity  Experiment  (hrs) 

of  air  (hrs) 


6400 

13 

t 

6 

16.4 

3800 

12 

« 

4 

6.3 

3800 

12 

% 

6 

10.8 

3800 

55 

« 

3.5 

4.9 

.  from 

reference  6; 

Temperature:  22-24*C. 

Enclosure  and  the  Multiple-Reflection  Optics  are 
not  shown  for  clarity) 


T  7  ■* 


goal  was  to  investigate  the  kinetics  of  the  hydrazine  air 
oxidation  as  a  function  of  different  surfaces  of  known  area 
placed  inside  the  chamber. 

III.  EXPERIMENTAL 

III.  1.  Reaction  Chamber 

The  reaction  chamber  (Figure  1)  was  basically  a  bag 
(0.9  m  x  0.6  m  x  0.7  m)  constructed  from  DuPont  FEP  (50  jim 
thick)  Teflon1®  film.  The  bag  was  held  semi-rigidly  inside 
a  cage  made  of  aluminum  framing  and  plexiglass  walls.  A 
valved  exhaust  of  more  than  30  1  per  minute  was  connected  to 
the  top  of  the  chamber.  For  vapor  mixing  purposes,  a  Teflon® 
coated  five-bladed  fan  was  installed  near  the  top  of  the 
chamber  and  was  driven  by  an  external  motor. 

Introduction  of  hydrazine  vapor  and  air  to  the  chamber 

was  achieved  through  an  inlet  port  consisting  of  Teflon*® 

tubing  (7  mm  i.d.)  with  one  end  extending  inside  the  chamber. 

The  other  end  of  the  tubing  was  connected  via  a  Teflon  valve 

to  a  small  glass  injection  bulb  equipped  with  a  septum  and 

wrapped  with  a  heating  tape.  The  injection  bulb  in  turn  was 

connected  to  an  air  purification  unit  through  a  glass  man¬ 
's 

ifold  with  Teflon  valves. 

The  reaction  chamber  also  contained  a  tubular  port, 

30  cm  in  diameter,  on  one  of  its  sides  for  placement  of 
materials  such  as  metal  plates  etc.  in  the  chamber.  This 
port  was  closed  by  folding  and  was  sealed  with  a  wooden  clamp 
during  kinetic  runs.  In  addition,  the  plexiglass  enclosure 
was  connected  to  a  continuous  hood-exhaust  for  safety  reasons. 

III.  2 .  Long  Path- length  Optics  and  FT-IR  Spectrometer 

The  reaction  chamber  was  equipped  with  the  White-type® 
multiple-reflection  optics  (Figure  2)  which  consisted  of  an 
in-focus  (nesting)  mirror  and  two  collecting  mirrors,  all 
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with  a  common  radius  of  curvature  of  80.0  cm.  The  multiple 
of  the  basepath  (80.0  cm)  attained,  and  thus  the  total  path- 
length  was  determined  by  counting  the  number  of  spots  from  a 
He-Ne  laser  as  seen  on  the  nesting  mirror.  The  laser  beam 
was  kep'*-  in  coincidence  with  the  inf r«ured  source  beam.  The 
optics  which  were  normally  operated  at  46  passes  (pathlength 
of  3680  cm)  was  interfaced  to  the  Nicolet  7199  Fourier  Trans¬ 
form  Infrared  (FT-IR)  Spectrometer  and  an  HgCdTe  detector 
(cooled  with  liquid  nitrogen)  through  IRTRAN  windows  on  the 
reaction  chamber. 

III.  3.  Materials 

Anhydrous  hydrazine  (fuel  grade,  98+  percent  purity)  was 
obtained  from  Rocky  Mountain  Arsenal  and  was  used  as  received. 
Pure  methane  gas  was  obtained  from  Fisher  Scientific  Co.,  and 
sulfur  hexafluoride  was  supplied  by  Air  Products  and  Chemicals 
Inc. 


The  metal  plates  (copper,  aluminum,  and  stainless  steel 
#302)  cut  from  stock  metal  (0.04-0.16  mm  thick)  were  supplied 
by  the  Engineering  Support  Facility,  Tyndall  AFB.  The  plates 
were  cleaned  with  soap  and  water  and  finally  with  acetone. 

III.  4.  Air  Purification  System 

The  dry,  purified  air  was  obtained  from  the  air  purif¬ 
ication  system  that  included  compressed  air  (90-120  psi)  from 
an  Ingersoll-Rand  compressor  (7.5  HP)  ,  Zeks-Therm  Dryer  (Zeks 
Air  Dryer  Corp.,  Malvern,  PA),  Aadco  737  Pure  Air  Generator 
(Aadco  Inc.,  Rockville,  MD)  and  in  the  final  stage.  Pure  Gas 
Heatless  Dryer  (General  Cable,  Apparatus  Division,  Westminster, 
CO)  .  The  air  generated  by  this  system  was  very  dry  and  had 
a  relative  humidity  of  about  1-2  percent  (determined  with  a 
General  Eastern  Model  1500  Hygrocomputer) . 
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IV.  PROCEDURE: 

For  each  kinatic  experiment,  the  reaction  chamber  was 
flushed  with  at  least  6  volumes  of  dry  air  from  the  air  pur- 
ification  system.  The  background  spectrum  of  the  dry  air  in 
the  chamber  was  obtained  before  introduction  of  any  hydrazine. 

The  hydrazine  sample  was  introduced  into  the  chamber  by 
first  removing  some  of  the  chamber  air  followed  by  the  injec¬ 
tion  of  the  desired  volume  (usually  SO  ;jl)  of  N2H4  into  the 
injection  bulb  (pre-warmed  to  60*-70*C) .  The  hydrazine  vapors 
were  then  flushed  into  the  chamber  by  using  dry  air  until  the 
chamber  was  inflated  to  its  normal  size.  The  chamber  contents 
were  mixed  with  the  fan  during  this  operation. 

V.  DATA  COLLECTION  AND  PROCESSING: 

The  concentration-time  profile  of  hydrazine  was  monitor¬ 
ed  by  FT-IR  spectroscopy  using  3680  cm  pathlength  (except 
where  noted)  and  1  cm”1  spectral  resolution.  The  infrared 
spectra  in  the  region  4000-700  cm”1  were  recorded  using  2S6 
co-added  interferograms  for  the  background  (dry  air)  spectrum 
and  using  128  co-added  interferograms  for  each  sample  spectrum 
In  the  kinetic  runs  in  the  presence  of  metal  surfaces,  only 
32  co-added  interferograms  per  spectrum  were  used  because  of 
the  observed  faster  reaction  rates. 

The  concentration  of  hydrazine  in  the  reaction  chamber 
was  calculated  from  its  absorbance  at  9S8  cm”1.  The  absor¬ 
bance  coefficient  of  hydrazine  at  9S8  cm”1  was  determined  in 
this  laboratory  to  be  4.65  cm”1  atm”1  (base  e).  An  FT-IR 
spectrum  of  hydrazine  in  the  1400-700  cm”1  region  is  shown  in 
Figure  3.  The  peak  at  1306  cm”1  is  due  to  CH^  which  was 
routinely  used  with  hydrazine  to  monitor  chamber  leakage  (3ee 
Discussion) . 
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VI.  TREATMENT  OF  KINETIC  DATA 

3  q 

Previous  studies  '  have  shown  that  the  reaction  between 
N2H4  and  02  is  first  order  in  hydrazine  and  first  order  in 
oxygen.  In  the  present  study  of  the  oxidation  of  hydrazine 
at  par ts-per-mil lion  concentration  levels  in  air,  the  oxygen 
concentration  will  be  in  large  excess.  Therefore,  the  re¬ 
action  should  follow  a  pseudo-first  order  rate  law,  viz: 

-_d  [n2H4J  -  k  (N2H43  (2) 

or  In  [N2H4Jt  =*  -kt  +  CN2H4Ji  (3) 

where  k  »  rate  constant,  and  subscripts  i  and  t  represent 
hydrazine  concentrations  at  time  zero  and  at  time  t,  re¬ 
spectively. 

Therefore,  a  plot  of  In  (N2H4^t  —  time  should  be  a  straight 
line  with  the  slope  equal  to  -k.  The  half-life  (T)  can  be 

calculated  from  k  by  the  relationship:  *  ln2  (4) 

k 

A  typical  first  order  plot  obtained  for  the  air  oxida- 

& 

tion  of  hydrazine  in  the  Teflon  reaction  chamber  is  illus¬ 
trated  in  Figure  4.  All  the  kinetic  plots  yielded  a  correl¬ 
ation  factor  in  the  range  of  0.996-1.000  except  in  the  case 
of  the  kinetic  data  obtained  with  a  painted  aluminum  surface 
(r2  =  0.986-0.994) . 

VH.  RESULTS  AND  DISCUSSION: 

VII.  1.  Chamber  Characterization 


A.  Chamber  Leak  Rate :  To  determine  the  leak  rate  of  the 
chamber,  5  torr  of  sulfur  hexafluoride  (SFg)  from  a  48.5  ml 
pyrex  bulb  was  flushed  into  the  chamber  with  the  dry  air. 

The  concentration  of  SF,  in  the  chamber  was  tollowed  as  a 

»  _  I 

function  cf  time  by  measuring  its  absorbance  at  947  cm  . 

The  absorbance  coefficient  of  SF,  at  947  cm  ^  was  determined 
in  this  laboratory  to  be  495  cm  *  atm  (base  e) .  Sulfur 
hexafluoride,  which  has  the  well  defined  infrared  absorption, 
was  chosen  for  the  leak  study  because  Teflon®  film  is  not 
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permeable  to  a  molecule  this  large.  Over  a  time  period  of 
5  hours#  the  SFg  concentration  changed  from  0.79  ppm  to  0.78 
ppm  corresponding  to  a  leak  rate  of  less  than  0.3%  per  hour. 
Thus  the  chamber  appeared  to  be  virtually  leak-proof  under 
the  experimental  conditions. 

Since  the  side  port  of  the  chamber  had  to  be  opened  and 
closed  each  time  objects  were  placed  inside  or  removed  from 
the  chamber,  it  became  necessary  to  ascertain  that  the  side 
port  was  airtight  after  such  operations.  Moreover,  a  leak 
could  develop  any  time  if  the  chamber  was  punctured  or  its 
seals  broken.  Therefore,  leak  integrity  of  the  chamber  had 
to  be  monitored  during  each  of  the  N2H4  kinetic  runs.  Un¬ 
fortunately,  SFg  could  not  be  used  for  this  purpose  as  its 
absorbance  is  in  the  same  region  (947  cm  as  that  of 

N,H.  (958  cm-1) .  Methane  gas  was  found  to  be  a  satisfactory 
*4 

substitute  for  SF,  for  leak  monitoring.  Methane  has  a  strong 
absorbance  at  1306  cm  (absorbance  coefficient  *  11  cm 
atm"1  (base  e)10)  and  it  does  not  interfere  with  N2H4  ab¬ 
sorbance  . 

In  practice,  about  20  torr  of  CH4  from  a  500-ml  pyrex 

bulb  was  introduced  into  the  chamber  along  with  the 

sample  to  yield  a  concentration  of  about  32  ppm  CH4  in  the 

chamber.  The  methane  concentration  was  determined  each  time 

the  N_H.  concentration  was  measured.  A  typical  concentration - 
2  4 

time  profile  of  CH4  during  a  N2H4  kinetic  run  is  shown  in 
Figure  5.  The  kinetic  runs  in  which  the  methane  concentration 
decreased  significantly  in  the  first  4  hours,  were  terminated 
at  this  point  and  the  chamber  was  inspected  for  leaks. 

B.  Chamber  Purge  Characteristics 

For  each  of  the  kinetic  experiments,  the  chamber  was 
flushed  with  the  dry  air  (at  a  rate  of  about  30  liters  per 
minute)  p  lor  to  the  final  fill.  The  air  inflow  was  balanced 
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by  opening  the  chamber  exhaust  valve  to  maintain  an  equil¬ 
ibrium  as  noted  by  constant  chamber  volume.  The  mixing  fan 
was  kept  running  during  this  operation  to  ensure  rapid  purg¬ 
ing.  The  time  necessary  for  complete  replacement  of  the 
chamber  contents  with  fresh  dry  air  was  determined  by  follow¬ 
ing  the  decrease  of  NjH^  (left  over  from  a  previous  kinetic 
run)  concentration  with  time  (Figure  6) ,  and  also  by  observ¬ 
ing  the  decrease  in  water  absorbance  at  1827  cm”*  (Figure 
7)  .  Both  measurements  indicated  that  the  purging  was  com¬ 
plete  after  about  45  minutes.  Therefore,  the  routine  flush¬ 
ing  of  the  system  was  done  for  at  least  an  hour,  which  cor¬ 
responded  to  the  use  of  a  volume  of  fresh,  dry  air  6  times 
the  volume  of  the  chamber. 

VII.  2.  Rate  of  the  Air  Oxidation  of  Hydrazine  in  the 
Chamber 

Initial  kinetic  experiments  using  room  air  and  ^2ai  in 
the  chamber  followed  a  first  order  rate  law.  However,  the 
reaction  rates  obtained  were  not  reproducible  (Table  2). 

The  wide  scatter  of  the  results  was  attributed  to  the  vary¬ 
ing  moisture  content  of  the  room  air.  Consequently,  subsequent 
experiments  were  conducted  using  only  dry  air  from  the  air 
purification  system. 

The  results  obtained  from  kinetic  runs  with  hydrazine 
and  dry  air  in  the  chamber  are  summarized  in  Table  3.  The 
first  set  of  three  experiments  (fl-3)  were  conducted  without 
any  mixing  of  the  chamber  contents  (chamber  fan  off) ,  and 
showed  poor  reproducibility.  Programmed  mixing  was  used  in 
the  second  set  of  three  experiments  (t4-6),  and  involved  a 
t— aer  which  turned  on  the  chamber  fan  for  2  minutes  every 
half-hour  during  a  run.  The  data  revealed  that  mixing  was 
essential  to  obtain  reproducible  kinetic  data. 

The  average  half-life  obtained,  with  programmed  mixing 
was  12.6  *  0.6  hours.  This  value  was  considered  to  be  the 
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TABLE  3.  DECAY  OF  HYDRAZINE  IN  ROOM  AIR, 


a 


Exp. 

• 

Length  of 
Kinetic  Run" 
(hrs) 

t  Data 
Points 

k 

(hr”1) 

r 

(hrs) 

1 

6 

10 

0.146 

4.8 

2 

6 

11 

0.085 

8.2 

3 

6 

11 

0.183 

3.8 

aInitiaI  concentrations:  97  -  112  ppm  NjH^. 

^Chamber  contents  were  not  mixed  during  these  experiments. 


TABLE  3.  DECAY  OF  HYDRAZINE  IN  DRY  *  PURIFIED  AIR.* - 


Exp. 

# 

Initial  N2H4 
Concentration 
(ppm) 

Program¬ 

med 

Mixing 

I  Data 

Points® 

k 

(hr”1) 

r 

(hrs) 

1 

113 

NO 

18 

0.0566 

12.2 

2 

104 

NO 

17 

0.0475  . 

14.6 

3 

112 

NO 

14 

0.0416 

16.6 

4 

1Q« 

YES 

9 

0.0537 

12.9 

5 

112 

YES 

9 

0.0553 

12.5 

6 

364c 

YES 

8 

0.0562 

12.3 

*These  and  all  other  kinetic  experiments  were  conducted  at 
ambient  laboratory  temperature  (23*-28*  C) . 

^Length  of  the  kinetic  runs  ranged  from  9.5-12  hrs. 


cFT-IRpathl«ngth  was  1760  cm  for  this  kinetic  run. 
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characteristic  base-line  half-life  for  the  air  oxidation  of 
hydrazine  in  the  chanter  with  its  surface  and  inherent  surface 
to  volume  ratio. 

Kinetic  runs  #4-6  also  reveal  that  the  rate  of  air  ox¬ 
idation  of  hydrazine  was  independent  of  initial  concen¬ 

tration,  as  expected  for  a  first  order  kinetics. 

Vii,  3.  Effect  of  Surface  to  Volume  Ratio 

The  effect  of  increased  Teflon®  surface  to  volume  ratio 
(s/v)  on  the  rate  of  air  oxidation  of  hydrazine  was  studied  by 
hanging  several  rectangular  (45.0  cm  x  30.5  cm)  pieces  of 
Teflon®  film  (50  pm)  from  the  chamber  ceiling  using  tiny 
pieces  of  Mylar®  tape.  The  results  of  this  study,  summarized 
in  Table  4,  indicate  a  strong  dependence  of  the  reaction  rate 
on  the  surface  to  volume  ratio.  The  decrease  in  half-life 
with  increase  in  s/v  reveals  the  significant  role  of  hetero¬ 
geneous  surface  reaction  between  hydrazine  and  oxygen. 

VII.  4.  Effect  of  Metal  Surfaces 

The  hydrazine-air  reaction  was  studied  in  the  presence 
of  different  metal  surfaces  (copper,  aluminum,  painted  alum¬ 
inum  and  stainless  steel)  in  the  chamber  to  determine  the  effect 
of  each  type  of  surface  on  the  reaction  rate.  Metal  plates 
(usually  10  cm  x  60  cm)  were  held  in  place  by  two  grooved 
Teflon®  cylinders  (diam.  ■  2.54  cm)  with  the  long  edge  of  the 
plates  placed  in  the  grooves.  The  cylinders  could  i.old  up  to 
15  plates  with  a  groove  separation  no  less  than  3  cm. 

The  increase  in  Teflon  surface  area  due  to  the  t’-'o  Tef¬ 
lon®  racks  was  estimated  at  0.2  m^.  The  half-life  for  the 
hydrazine  decay  in  the  presence  of  these  racks  (empty)  was 
determined  to  be  12.2  hrs  (average  of  four  determinations). 

This  value  is  comparable  to  the  average  half-life  (12.6  hrs) 
in  the  absence  of  the  racks.  Therefore,  the  effect  of  the 
racks  on  the  reaction  rate  was  considered  negligible. 
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TABLE  4.  EFFECT  OF  TEFLON  -SURFACE  TO  V0LUK2  RATIO 
ON  HYDRAZINE  DECAY 


Exp. 

« 

Teflor^  Area 
S,  (p2) 

s/v 

(m-1) 

i  Kinetic 
Runs 

Avg.  k 
(hr-1) 

Avg.  T  b 
(hrs) 

1 

3.5 

10.9 

3 

0  0551 

12.6+0.6 

2 

5.1 

15.9 

3 

0.0726 

9.5±0.8 

3 

6.2 

19.4 

4 

0.0916 

7. 6+0. 8 

3  2 

Chamber  volume:  320  liters;  Chamber  surface:  3.5  m  . 
^Errors  given  correspond  to  two  standard  deviations. 


TABLE  5.  EFFECT  OF  METAL  SURFACES  ON  HYDRAZINE  DECAY 


Type  of  surface 

Area 

(m2) 

•  Kinetic 
Runs 

Avg.  k 
(hr-1) 

Avg.  T  ' 
(hrs) 

Copper 

0.12 

5 

0.263 

2.6±0.7 

Aluminum 

1.25 

3 

0.0801 

8 . 6±0 . 6 

Aluminum  Foil 

0.60 

2 

0.0548 

12.6+0.3 

Stainless  Steel 
(Type  302) 

0.80 

3 

0.0626 

11±  1 

Painted  Aluminum 

’  30 

3 

0.249 

2.810.8 

(F-16  Type  Paint) 

^Errors  given  correspond  to  two  standard  deviations. 
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The  reaction  rates  obtained  in  the  presence  of  various 
metal  surfaces  are  summarized  in  Table  5.  Also  listed  in  the 
Table  are  the  surface  areas  of  each  metal  used  in  the  exper¬ 
iments.  Among  the  surfaces  studied,  copper  showed  the  most 
effect  on  the  rate  of  the  air  oxidation  of  hydrazine.  A 

copper  surface  of  only  0.12  a2  yielded  an  average  half-life 

2 

for  the  reaction  of  only  2.6  hours.  Aluminum  foil  (0.60  m  ) 

had  no  apparent  effect  on  the  reaction  rate.  Aluminum  plates 

(1.2S  a2)  cut  from  the  stock  metal  increased  the  reaction 

rate  substantially  (T  ■  8.7  hrs  ).  Stainless  steel  (Type 

302)  had  only  a  slight  effect  on  the  reaction  rate  ('t  »  11 
2 

hrs  with  0.80  m  ).  In  addition  to  the  metal  surfaces,  even 
a  painted  surface  (Al  plates  costed  with  a  paint  used  on  U.S. 
fighter  planes)  accelerated  the  reaction  (T *  2.8  hrs/1.30  m2) . 
This  painted  surface  was  more  effective  than  all  the  metals 
studied  except  for  copper. 

X-ray  photoelectron  spectroscopy  (XPS)  studies  have  shown 
that  at  room  temperature  hydrazine  i3  adsorbed  molecularly  on 
a  copper  surface*2  while  the  adsorption  of  hydrazine  on  alum- 
inura  and  iron  results  in  cleavage  of  the  N-N  bond  and  pro¬ 
duction  of  NH2*,  NH’,  N  and  H  ad-atoms.  It  also  has  been  noted 
that  the  H  ad-atoms  formed  on  Al  and  Fe  remain  adsorbed  and 
inhibit  subsequent  adsorption  of  NjH^.  These  XPS  results  and 
the  present  study  suggest  that  a  surface  exhibiting  molecular 
adsorption  of  hydrazine  will  be  more  effective  in  accelerat¬ 
ing  the  air  oxidation  of  hydrazine  than  a  surface  which  gen¬ 
erates  H  ad-atoms  on  decomposition  of  adsorbed  N2H4 * 

Table  6  lists  some  of  the  trends  observed  in  the  kinetic 
data  obtained  with  the  various  surfaces.  For  all  the  surfaces 
except  aluminum  foil,  the  half-life  obtained  for  the  first 
kinetic  run  for  each  of  the  surfaces  was  shorter  than  for  the 
subsequent  runs.  This  pattern  may  be  partly  due  to  the  poison¬ 
ing  of  surface  activity  by  accumulation  of  unidentified  pro¬ 
ducts  on  the  surface.  The  small  T  values  obtained  for  the 
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TABLE 

TRENDS 

IN  N2H4 

KINETIC  DATA 

WITH  METAL 

SURFACES 

Kinetic 

t  (hrs) 

Run  t 

Copper 

Aluminum 

A1  Foil 

St.  Steel 

Painted  A1 

1 

2.1 

4.6* 

12.7 

10.0 

1.5* 

2 

2.8 

9.0 

12.6 

11.6 

2.2 

3 

2.8 

8.3b 

11.8 

3.2 

4 

3.2 

8.4b 

3.1 

5 

2.5b 

aMatal  plates  were  cleaned  before  this  kinetic  run. 

bThese  results  were  not  used  in  calculation  of  average  values 
listed  in  Table  S. 
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first  kinetic  runs  with  Cu,  A1  and  stainless  steel  c iuld  not 
be  duplicated  by  cleaning  (soap-water/acetone)  of  the  metal 
plates.  A  more  rigorous  cleaning  or  use  of  fresh  metal  plates 
is  probably  needed  to  duplicate  the  short  half 'lives. 

VIII.  RECOMMENDATIONS  t 

The  results  of  the  present  study  suggest  a  need  for 
additional  research  efforts  to  investigate  in  detail  the 
systematic  effects  of  the  following  factors  on  the  kinetics 
of  air  oxidation  of  hydrazine  so  as  to  understand  better  the 
atmospheric  fate  of  hydrazine  vapors. 


1) 

Humidity 

2) 

Temperature 

3) 

Various  surfaces  -  effects  of  surface  type 

and 

surface  area  for  typical  contact  materials 

(metals 

concrete,  asphalt,  painted  surfaces,  soils, 

etation  etc.) 

veg- 

In  addition,  since  the  maximum  half 'life  cf  N2H4  in  air 
with  negligible  surface  to  volume  ratio  will  be  governed  only 
by  the  rate  of  the  homogeneous  gas  phase  reaction  of  hydrazine 
in  air,  it  is  important  to  know  the  homogeneous  rate  constant. 
An  effort  should  be  made  to  determine  this  fundamental  rate 
constant. 

The  present  study  has  shown  that  the  Teflon^  surface  is 

not  totally  inert  to  the  N_H.-air  system.  Therefore,  even 

8*  2  4 

with  larger  Teflon  reaction  chambers  (with  smaller  s/v) ,  the 
heterogeneous  surface  reaction  will  continue  to  play  a  sig¬ 
nificant  role  in  the  overall  reaction  rate.  One  way  to  min¬ 
imize  the  surface  reaction  is  to  use  a  reaction  chamber  made 
up  of  material  completely  inert  to  the  N2H4-air  system.  Be¬ 
cause  this  may  be  impractical,  an  alternate  approach  using  an 
extrapolative  study  with  Teflon®  reaction  chambers  should  be 
explored.  It  is  suggested  that  the  extrapolative  study  in¬ 
clude  measurements  of  overall  rate  constants  for  the  reaction 


£ 
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with  systematic  variation  in  a/v  of  the  chamber  without 
changing  any  other  chamber  characteristics.  The  homogeneous 
rata  constant  could  then  be  estimated  by  extrapolating  the 
observed  overall  rate  constants  to  zero  surface  to  volume 
ratio. 
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At  toinptul  itiiji  of  •  wofttiriiid  iaforaatioa  uuimit  ijritia 
fox  the  Air  Force  Installation  Ksstoratioa  Prograa  (HP)  is  outlined.  The 
purpose  of  the  HP  is  to  identify.  quantify,  sad  correct  euviroaaental 
problems  sssoeistsd  with  iasetiwo  hazardous  waste  disposal  sites  loeated 
oa  Air  Force  iastallatioas.  There  is  a  need  to  store  the  data  oolleeted 
in  this  prograa  and  provide  the  aeaas  through  which  information  oaa  he 
extracted  frosi  this  data  base.  The  coaceptaal  design  of  the  systea 
ewolwes  froa  am  analysis  of  the  demands  oa  the  systea  sad  the  iaforaatioa 
aeeded  to  aeot  these  deasads.  This  analysis  is  followed  by  the 
dewelopaeat  of  the  basic  systea  structure.  Implementation  plans  are  also 
discussed. 
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i.  awawm 


Ths  MTiromitil  lapse t  of  hiiuteu  material  disposal  altos, 
especially  oa  tha  nation'  a  vater  resources.  has  come  to  the  forefront  of 
public  ooaoora.  Although  tko  oxtoat  of  tkla  lapoot  is  largely  uakaova, 

tkoro  is  ooasldorablo  evidence  to  suggest  slgaifieaat  ooataaiaotloa  sad  a 

a 

response  by  priviate  1 ados try  aad  government  is  varraated.  Tko  Dopsrtaoat 

of  Dofoaso  (OoD)  iaitiatod  tko  Xastallatioa  Bostoratioa  Prograa  (HP)  ia 

1973  to  address  pxobloas  assoeiatod  with  past  disposal  praotiess  at 

dofoaso  iastallatioas.  Current  HP  policy,  doliaoatod  ia  Dofoaso 

s 

Environmental  Quality  Prograa  Policy  Moaorsadua  81-3  ,  is  "to  identify 
and  fully  evaluate  suspoctod  probloas  assoeiatod  vitk  post  kasardona 
aaterial  disposal  sites  oa  DoD  facilitios,  control  kaxards  to  koaltk  or 
volfaro  that  resulted  from  tko so  past  operations. ■  The  HP  also  foras 
tko  basis  for  remedial  aetioas  required  by  tko  Coaprekessive  Environmental 
Response,  Compensation,  aad  Liability  Act  of  1980.  The  U.S.  Air  Force, 
because  of  its  aissioa,  has  loag  booa  iavolvod  ia  operations  that  generate 
varying  aaouats  of  haxardous  vasts  aad,  tkerofore,  the  potential  for 
environmental  contamination  is  present.  This  paper  focuses  oa  the  Air 
Force  role  ia  tko  HP  aad,  aore  specifically,  the  coaceptnal  design  of  an 
iaforaatioa  aanageaeat  systea  to  asaago  aad  effectively  use  the  data  that 
vill  be  collected  during  this  prograa. 

Ike  Installation  Restoration  Prograa  is  to  be  iapleaeated  ia  four 
phases.  Each  phase  is  briefly  described  belov: 

Phase  I  —  Installation  Assessment,  The  purpose  of  this  phase  is 
to  identify  the  sites  at  Air  Force  installations  that  have  a  potential  fox 
eoatsaiaaat  migration.  Iastallatioas  vers  selected  for  evaluation  based 
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on  a  list  of  subjective  criteria.  At  each  selaoted  baaa,  raeorda  ara 
reviewed  and  interviews  condnctad  with  parsonnal  knowledgeable  of  past  aad 
praaant  oparationa.  Given  this  information,  a  procedure  known  aa  the 
Haiardona  Assessment  Bating  Methodology  (HABM)  ia  aaad  to  rata  tha  aitaa 
within  an  inatallation  with  raapact  to  thair  potantial  environmental 
impact  a.  Tha  Phaaa  I  stadias  ara  to  bo  completed  by  tha  and  of  fiscal 
1985. 

Phase  II  —  Confirmation  and  Quantification.  Tha  purpose  of  this 
phase  is  to  confirm  contamination  at  aach  site  identified  in  Phase  I  and, 
if  necessary,  quantify  tha  problem  with  respect  to  magnitude,  extant, 
direction,  and  rate  of  movement.  This  is  accomplished  by  analysing 
samples  from  gounnd  water  monitoring  wells  and,  to  a  lessor  degree, 
surface  water  bodies.  Phase  II  studies  will  produce  tha  major  portion  of 
tha  total  IBP  data  base.  This  phase  is  discussed  in  more  detail  in  a 
later  section. 

Phaaa  III  —  Technology  Base  Development.  Thia  phase  is  concerned 
with  tha  development  of  containment  and  decontamination  technologies  and 
contamination  levels  believed  acceptable  for  public  health  and  welfare 
where  no  officially  established  standards  exist.  Also  included  in  this 
phase  are  benefit/cost  analyses  for  the  various  control  technologies. 

Phase  IV  —  Operation.  This  final  phase  formulates  and  executes  a 
remedial  action  plan  to  abate  the  identified  haxardous  conditions.  This 
alto  includes  monitoring  to  ensure  that  standards  and  criteria  are  met  and 
that  public  welfare  is  protected  for  present  and  future  generations. 
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Iki  aoaltoriag  data  gathered  in  tka  Pkaia  II  atsdiaa  aad  other 
aocooiatad  inforaation  will  gaida  aubaequeat  Pkaia  II  work,  provide  tha 
baaia  for  Phaaea  III  aad  IV,  aad  help  eatabliah  raaaarek  tad  developaent 
prioritiaa,  Thaaa  aotivitiea  will  require  aa  iaforaatloa  aaaagaaaat 
ayataa  to  (1)  archive,  ratriawa,  aad  analyze  tka  data,  (2)  prodaca 
aaaagaaaat  aad  aoiaatifio  aaaaariaa,  aad  (3)  provide  tka  iaforaatloa 
aaadad  by  varioua  dataraiaiatio  aodala  (priaarily  ground  wator  aedola). 
Sack  a  ayataa  aaat  ba  fJaxibla  aaongh  to  aaat  tkaaa  and  fntara  naada 
witnoat  baooaiag  nnnaoaasarily  coaplex  and  nnwialdy.  It  ia  alao  iaportant 
tkat  tka  ayataa  ba  daaignad  ao  tkat  modification!  aad  aaiataaaaoa  can  ba 
kandlad  by  Air  Forca  paraonaal  witkont  undna  aztaraal  conanltation. 
Overall,  tka  ayataa  akonld  not  pro ve  to  ba  ao  eoatly  aa  to  overwhela  the 
banafita  ia  prowidaa.  Higher  lawala  of  retponeiveacae,  flexibility, 
aaonrity,  aoonraoy,  and  raliability  ara  diraotly  ralatad  to  kigkar  coata, 
bat  not  alwaya  to  jnatifiabla  increaaea  in  banafita.  Vhila  banafita  ara 
diffionlt,  if  not  iapoaaible,  to  quantify,  it  ia  iaportaat  to  juatify 
ayataa  eapabllitiaa  with  idantif iabla,  worthwhila  raturna.  Tha  focua  of 
tha  reaaiader  of  thia  paper  ia  tha  developaent  of  anek  a  ayataa,  hereafter 
referred  to  aa  tha  Inatallation  Kaatoration  Prograa  Inforaation  Manageaant 
Syataa  or  aiaply  HPIMS. 

ii.  aeiBcmEa 

The  principal  objeotivea  of  thia  atudy  ara  to  identify  tha  daaanda 
on  tha  IBPIM8,  tha  inforaation  needed  to  aatiafy  tkaaa  daaanda,  and  tha 
baaio  ooaponanta  aad  atruoture  of  tha  ayataa.  A  aacondary  aia  ia  to 
aketok  aa  iapi annotation  plan  to  inaura  that  the  neat  urgent  naada  ara 
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addressed  in  a  timely  manner.  What  is  presented  here  will  be  ased  to 
(aide  the  detailed  design  and  actoal  constrnction  of  the  syatea.  This 
phase  will  be  handled  by  an  external  contractor  fsailiar  with  iaforaation 
aanageaent  systeas  and  environmental  sciences.  In  addition  to  these 
salient  objectives,  it  is  hoped  that  the  approach  ased  in  this  study  will 
help  other  private  and  public  organizations  in  establishing  siailar 
environaental  inforaation  aanageaent  systeas. 

III.  INSTALLATION  RESTORATION  PS OGB A*.  PHASE  II 

Phase  II  of  the  ISP  is  s  aaltistaged  effort  to  quantify  the 
aagnitude,  extent,  direction,  and  rate  of  aoveaent  of  contaminants  froa 
past  hazardous  waste  disposal  sites  having  the  potential  for  contamination 

4 

(as  determined  in  Phase  I).  As  mentioned  previously,  these  data  are 
essential  to  the  later  phases  of  the  ISP.  Responsibility  for  the 
technical  aanageaent  of  all  Phase  II  studies  rests  with  the  USAF 
Occupational  and  Environmental  Health  Laboratory  (OEHL) . 

A  Phase  II  study  is  conducted  for  each  installation  identified  in 
Phase  I  in  a  staged  or  staged  and  tailored  manner,  depending  upon  the 
availability  of  resources.  The  staged  approach  divides  the  study  into 
independent  chronological  tasks  or  stages  under  the  assumption  that 
resources  are  available  to  begin  work  on  all  sites  demonstrating  a 
significant  contamination  potential.  The  staged  and  tailored  approach 
obligates  funds  to  the  higher  priority  sites  when  resources  are  limited. 

Prior  to  each  Phase  II  study,  a  survey  is  conducted  to  define  the 
scope  of  work  and  costs  of  the  initial  stage,  i.e..  Stage  1.  Stage  1 
addresses  the  confirmation  of  erntaaination  at  each  site  on  the 
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iuttllitioi.  nil  IUTI7  is  (titfii  by  Phase  I  xeooaaeaiatioas,  tbs 
concerns  of  Ait  Foros  offioisls,  sad  tbs  tsehaical  experience  of  OEHL 
tsobaiosl  psrsoaasl.  If  necessary,  subsequent  stages  quantify  tbs  ptoblsa 
with  rsspoot  to  direction,  tsts,  sad  sztsat  of  movement. 

Pbsss  II  will  provide  tbs  balk  of  tbs  environmental  data  asesssary 
to  aebiovs  tbs  goals  of  tbs  IBP,  bat  data  oollsetsd  ia  Mass  I  stadias  sad 
other  monitoring  afforts  art  also  iaportaat.  Tbs  spssifio  typos  of  data 
to  bo  stoxsd  and  aaaagsd  by  tbs  IBPIMS  axs  dlscasssd  ia  tbs  asxt  sootioa. 

IV.  DEVELOPMENT  OF  A  CONCEPTUAL  PESIfiM 

Tbs  eoacoptaal  dosiga  of  tbs  IBPIMS  was  developed  ia  tbxss  stops. 

Tbs  fixst  stop  involved  tbs  iadsatif icatioa  of  tbs  dtaaads  tbs  system. 

Tbe  seeoad  step  detexaiaed  the  iafoxnatioa  needed  to  satisfy  these 

demands .  The  thixd  step  involved  tbe  deliaeatioa  of  tbe  basic  system 

stxaotaxe  and  components.  Tbe  xeadex  is  xefexxed  to  two  ezoelleat  woxks 

ia  tbe  axea  of  environmental  iafoxnatioa  management  systems.  One,  tbe 

* 

woxk  of  Baseman  at  al.  .  desoxibes  a  gcaexal  appxoacb  fox  designing  aa 
iafoxnatioa  management  system.  Tbe  otbex,  a  eonpxebeasive  txeatise  by 
Evexett,  provides  a  discassioa  directed  toward  ground  water  information 
management  systems.  Both  guided  tbe  conceptual  design  of  tbe  IBPIMS. 

At  this  point  it  is  assful  to  define  and  contrast  same  terms  used 
throughout  tbe  remainder  of  this  paper.  Tbe  obvious  plaoe  to  start  is 
with  tbe  texa  "data".  Data  are  tbe  basic  building  blocks  of  iafoxnatioa. 
Data  provide  little  informatioa  without  some  fora  of  saslysis.  Even  the 
simple  visual  scanning  of  a  set  of  data  is  a  fora  of  saslysis  ia  which 
informatioa  is  gleaned  by  aotiag  treads,  identifying  xsages  of  vslues, 
estimating  averages,  etc.  For  the  purpose  herein,  s  data  base  is  defined 
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it  a  collection  of  data  stored  to  serve  the  information  natda  of  a 
apacific  application  oc  group  of  application.  A  data  baaa  management 
system  organisaa  the  data  baaa,  praparaa  data  for  application  processing, 
and  iaolataa  the  data  baaa  froa  application  algorithms  (i.e.,  aaintaina 
the  independence  of  the  data).  An  information  aanageaent  system  ia  an 
integrated  collection  of  components  dcaigned  to  verify  and  inpat  data  to 
the  data  bate,  manage  the  data  bate,  and  extract  aaeful  information  from 
the  data  bate. 

Deaanda  on  the  Svatem 

The  aucceaaful  deaign  of  an  information  management  ayatem  begina 
by  enumerating  the  demanda  on  the  ayatem.  This  eaaentially  involrea 
identifying  the  ayaten  uaert  and  atea.  The  principal  demanda  on  the 
IBPIMS  are  Hated  below: 

(1)  The  ayatem  will  play  an  important  role  in  guiding  later 
Phaae  II  atadiea.  Information  derived  from  earlier  atndiea  can  be  need  to 
better  direct  a  later  effort  by  allowing  more  comprehensive  study  at  an 
earlier  stage. 

(2)  Similarly,  information  extracted  from  the  IRPIMS  will 
provide  guidance  for  the  ongoing  operation,  maintenance,  and  deaign  of 
aolid  and  hazardous  waste  disposal  facilities  under  the  Resource 
Conservation  and  Recovery  Act  (RCSA)  of  1976. 

(3)  The  technology  assessment  and  standards/criteria 
development  slated  for  Phase  III  and  the  remedial  actions  of  Phaae  IV 
require  detailed  and  accurate  assessments  of  the  extent  of  contamination 
at  all  affected  sites.  Obviously,  information  extracted  from  the  IRPIMS 
is  crucial  to  these  efforts. 
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(4)  Ik*  XRPIMS  will  be  autf  to  111)  itnotut  tad  prioritise 
fat  era  USAF  nitirok  tad  dawalopaaat  work  aa  wall  aa  prowida  a  aoarea  of 
data. 

(5)  Dataraiaiatio  coapatar  aodala  (especially  gxoaad  water 
aodala)  will  ba  aaad  ia  tha  latar  stagea  of  aoaa  FU«a  II  atadiaa  aa  wall 
at  aawaral  Phaaa  III  aad  Pkaaa  IV  atadiaa.  Monitorial  data  aad  otkar 
inf oraatioa  aaaaaad  ia  tkia  ay  tea  a  ill  ba  naadad  to  ratify  aad  oalibrata 
thaaa  aodala. 

(6)  Kagalatory  aganeiaa  aay  require  alta  characterization  ia 
aalactad  eaaaa.  Tha  ayataa  ahoald  ba  abla  to  prowida  ini  oraatioa  fox  thia 
pnxpoaa. 

(7)  Bayoad  tha  aetiwitiaa  aawiaioaad  for  Phaaa  III,  tha 
IiriMS  will  prowida  inf  oraatioa  to  halp  dawalop  appropriate  haalth  and 
aawiroaaaatal  ataadarda,  oritaria,  aad  gnidalines. 

(S)  Othar  afforta  withia  tha  Air  Forea,  not  directly  ralatad 
to  tha  HP,  haw  a  prodnoad  or  will  bo  pxodaeiag  data  aiailar  to  thoao 
generated  by  Phaaa  II  atadiaa.  Tha  ayataa  ahoald  ba  abla  to  accoaaodate 
thaaa  data  while  Maintaining  their  identity. 

(9)  Tha  iaforaation  eontainad  in  HPI1B  will  have 
aignif leant  reaeareh  walaa  to  aztaraal  aganeiaa  and  othar  intaraatad 
paxtiaa.  Tha  ayataa  should  prowida  aoaa  aaonnt  of  aeeaaa  to  thaaa  gronpa. 

Vhila  tha  itaaa  listed  abowe  ara  wary  gaaaral  they  do  dafina  tha 
baaie  eharaetar  of  ayataa.  Obwionaly,  tha  ayataa  aaat  ba  broad  ia  scope 
aad  poaaaaa  considerable  capabilities.  This  list  is  aa  iaportaat 


precursor  to  the  determination  of  the  typo*  of  information  that  must  be 
extracted  froa  the  data  bate  and,  of  course,  the  composition  of  the  data 
base. 

Information  acquirements 

An  excellent  model  of  hum  data  and  information  flow  through  an 

enTironnental  planning  ortanixation  or  protraa  such  as  the  ISP,  has  been 

> 

prepared  by  Baseman  et  al.  A  slight  modification  of  their  model  was 
applied  to  the  ISP.  The  result  is  shown  in  Figure  1.  This  model  gives  an 
excellent  way  to  place  the  IBPIKS  within  the  overall  ISP  structure. 

There  are  three  basic  stages  in  this  information  flow  model.  The 
first  stage  involves  data  collection,  encoding,  verification,  and  storage. 
In  other  vorda,  the  raw  data  are  processed  and  stored  in  a  manner  suitable 
for  the  identified  information  needs.  Vithin  this  stage  there  are  four 
distinct  actions.  The  first  involves  the  collection  of  data  from  ISP 
field  work  and  related  studies.  The  second  involves  encoding  the  data 
into  a  form  readable  by  the  computer  and  the  third  verifies  the  data. 
Finally,  the  data  are  stored  in  the  data  base  through  the  data  base 
management  system. 

The  second  stage  of  the  modsl  involves  the  extraction  of 
information  from  the  data  base.  This  stage  is  the  vital  link  between  the 
data  base  and  the  demands  for  information.  The  user,  by  querying  the 
system,  is  the  point  through  which  information  demands  are  met.  Each 
query  is  addressed  through  a  process  that  begins  with  the  data  base 
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mangement  system  preparing  the  eppropriete  date.  These  data  are  then 
routed  thrcugh  the  appropriate  algorithms  to  extract  the  desired 
information. 

The  third  stage  is  concerned  with  the  uses  of  the  information 
extracted  froai  the  data  base.  These  uses  were  outlined  earlier;  the 
purpose  of  evoking  then  at  this  point  is  to  complete  the  information  flow 
model.  Aside  from  the  more  obvious  uses  of  information  there  are 
important  feedback  mechanisms  within  the  HP.  These  feedback  paths 
suggest  further  action  at  the  watte  site,  modify  the  types  of  data 
collected,  and  affect  the  types  of  information  requested  of  the  system 
through  the  user. 

The  model  described  above  gives  an  abstract  view  of  how  data  and 
information  flow  through  the  IBP.  The  UPIMS  overlaps  this  model  in  the 
last  two  steps  of  the  first  stage  and  the  entire  second  stage  (see  Figure 
1) .  However,  to  complete  the  model  two  important  questions  must  be 
addressed: 

(1)  What  types  of  data  should  be  collected  and  stored 
in  the  data  base? 

(2)  What  types  of  information  are  to  be  extractable  frees  the 

data  base? 

These  questions  were  answered  through  an  analysis  of  the  expected 
information  needs  of  the  users  and  uses  identified  earlier.  The  proposed 
contents  of  the  data  base  are  displayed  in  Table  1.  The  proposed  types  of 
extractable  information  are  shown  in  Table  2.  Of  course,  these  two  tables 
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Table  1.  Proposed  Data  Base  Contents  (continued). 


Table  2.  Otutil  information  Requireaents. 


Information 

Category 

Coapoaaata 

Status  Summaries 

*  Nuabar  of  data  aatrias  for 
aacb  itaa 

'  Saapling  dates 

•  Saapliag  locatioas 

IUu|Mtit  Suaaariaa 

-  kistograas 

-  cumulative  frequency 

*  Appsaraaea  of  iteas 

(e.g.,  list  of  coataaiaaats 
appaariag  oa  aa  installation) 

*  Violatioas  of  standards, 
critaria.  ate. 

*  lacoaaaadad  actions 

*  Narratives 

Statistical  Suaaariaa 

»  Maxiauasaad  aialauas _ 

*  Arithmetic  aaaas 

*  Standard  deviations 

*  Regression  coefficieats 

*  Correlation  coefficients 

*  Confidence  intervals 

*  Analysis  of  variance 

*  Appropriate  test  statistics 
»  Graphical  representations 

-  kistograas 

-  cumulative  frequency 

Data  Reports 

*  Listings 

*  Graphical  representations 

-  variations  with  tine 

-  variations  in  two  and  three 
dimensions 

Format tad  Nodal  Input 

*  Model  1  ( Not  determined 
t  as  of 

"  Model  2  ( this  writing 

• 

a 

a 

are  inseparable,  bat  the  distinction  is  important  to  the  strnctare  of  the 
overall  s/stem.  Rach  is  a  preliminary  list  that  will  probably  change  ae 
the  HP  effort  matures  and  gains  experience. 

Each  request  for  a  summary  or  listing  will  call  for  specific 
subsets  of  the  data  base.  These  subsets  should  be  defined  by  one  or  more 
of  the  categories  and  types  of  data  listed  in  Table  1-  &or  example,  the 
user  should  be  able  to  request  the  mean  concentration  for  a  particular 
contaminant  detected  at  all  sites  within,  say.  the  state  of  Florida  or 
the  correlation  coefficient  between  two  contaminants. 

Basic  System  Structure 

The  identification  of  the  demands  on  the  DtPIMS  and  the  associated 
information  requirements  is  essential  to  the  design  of  a  successful 
system.  The  final  task  was  to  build  upon  these  items  and  develop  the 
basio  system  structure.  However,  care  was  taken  not  to  "overspecify"  the 
system  structure.  There  are  many  excellent  software  packages  on  the 
market  for  data  management  and  information  processing.  Therefore,  only 
the  level  of  specificity  to  insure  that  the  I8PIMS  does  what  is  necessary 
is  described  here.  The  details  will  be  left  to  those  charged  with  the 
task  of  constructing  the  system.  By  cresting  this  basio  structure, 
environmental  professionals  in  the  Air  Force  are  more  likely  to  receive  a 
system  tailored  to  the  job  at  hand.  In  general,  it  is  essential  that  the 
users  closely  oversee  (and  if  possible,  psrticipste  in)  the  construction 
of  an  information  management  system.  A  system  thst  performs  the  tasks 
required  of  it  but  is  somewhat  inefficiently  designed  is  probably  more 
costef fective  than  a  highly  efficient  system  capable  of  a  vast  array  of 
amazing,  but  useless  or  marginally  useful,  capabilities. 
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I4*illr«  i  Mit-bml it  litlyiii  ikoili  be  performed  to 

"optimize"  system  capabilities.  lomir,  la  this  mm,  a  qualitative 

•ease  of  what  ia  justified,  and  what  ia  not,  waa  appliad.  A  pood  measure 

of  coaaoa  sense  aad  judgement  ia  probably  all  that  ia  required  ia  ua«a 

aiailar  to  thia.  A  wary  large  ayataa,  haring  a  aigaificaat  iapaet  oa 

tha  orgaaizaitoa  it  aarwaa,  woald  probably  require  aora  aarioaa  atady. 

* 

Tha  raadar  ia  rafarrad  to  a  pa  par  by  Kiag  aad  Sahraaa  for  a  tutorial 
diaeaaaioa  of  eoat-baaafit  aaalyaia  aad  ita  applicatioa  to  iaforaatioa 
ayataa  daaiga  aad  oparatioa. 

Tha  daaiga  of  aa  iaforaatioa  aaaagaaaat  ayataa  ahould  iaoluda 
aa  aaalyaia  of  tha  hardwara  baat  auitad  to  tha  taak.  Bowawar,  ia  thia 
eaaa,  tha  hardwara  coaf iguratioa  ia  aoatly  fizad.  Tha  hardwara  awailabla 
to  tha  OEHL  ia  probably  typioal  of  that  found  withia  iargar  environmental 
aoiaaoa  aad/or  aagiaaariag  firms  aad  it  rapraaaata  a  fairly  aubataatial 
iawaataaat  that  performs  admirably  for  a  wida  wariaty  of  applioatioaa.  It 
ia  doubtful  that  tha  ooat  of  a  aaw  or  aigaif ieaatly  aodifiad  conf  Iguratioa 
could  bo  juatifiad  by  tha  additional  baaafita  attributable  to  tha  IBP 
aloao.  Significant  chaagaa  would  hawa  to  ba  juatifiad  ia  a  laboratory^ 
wide  atudy  of  ooaputiag  aaada. 

Tha  natural  question  ariaiag  from  thia  situation  ia  *Why  not  use 
tha  hardware  of  aa  external  vendor?"  It  was  fait  that  tha  IBPIMS  ahould 
ba  aa  "in-house"  ayataa.  A  dynamic  prograa  such  as  tha  IBP  needs  to  ba 
adaptable  to  changing  aaada  aad,  thus,  so  does  tha  IBPIMS.  It  ahould  ba 
readily  accassibla  for  data  entry  or  modification  aad  software  additions 
or  alterations.  Additionally,  tha  changing  nature  of  relationships 
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between  the  Air  Force  tad  external  contractors  tad  tk*  aoraal  problaas  of 
day-to-day  iatcractloas  suggest  that  the  HPIMS  ahoald  bo  aador  the 
coatrol  of  Air  Force  personnel. 

The  ISPIMS  will  contain  fiYe  major  coaponeata:  (1)  data  entry, 

(2)  the  data  baae  management  system,  (3)  data  bate,  (4)  information 
extraction  or  prooeaaing,  and  (5)  output  production.  Each  component  ia 
briefly  diaeuaaed  below  and  their  interrelationahipa  are  ahown  in 
Figure  2.  There  ia  tone  overlap  between  tone  of  theae  component*  but 
thia  breakdown  provide*  a  good  baaia  atructure. 

Data  entry  involvea  the  acceptance  and  verification  of  data  from 
the  varioua  IIP  atudiea  and  other  aourcee.  Thera  ahould  be  enough  flexi¬ 
bility  to  allow  entry  from  a  variety  of  machine-readable  aourcea  including 
punch  carda,  magnetic  tape,  or  by  terminal  keyboard.  The  verification 
procedurea  ahould,  aa  a  minimum,  cheek  for  cyntax  errora,  compatibility 

and  oonaiatency  with  other  data,  and  for  adherence  to  acceptable 

»,» 

bounds.  The  physical  entry  of  the  data  into  the  data  baae  will  be 

handled  by  the  data  base  management  system  at  will  any  modifications  to 

the  data  already  within  the  ayatem. 

A  good  data  base  management  system  ia  essential  to  any  information 

management  ayatem.  Perhaps  its  most  important  function  ia  to  isolate  the 

•  u  *1  11 

data  baae  from  the  other  portions  of  the  system.  *  In  other 

words,  the  data  base  is  made  independent  of  the  data  entry,  information 

extraction,  and  output  production  software  programs.  This  allows  these 

components  to  be  modified  without  'ffecting  the  data  base. 

A  data  base  management  system  is  classified  by  the  manner  in  which 
*• 

it  structures  the  data  base.  These  structures  are  generally  classified 
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107-22 


.  . .  iVt  vv-p;  vuvi ■w  w  sia«lp  kt. 


»c  hierarchic,  network,  relational,  or  aeaaatio.  Combined  strictures 

hierarchic /relational )  art  also  possible.  A  detailed  discussion  of 

those  techniques  ia  vail  beyond  the  a  cope  of  tkla  paper.  Neat  data  kaaa 

management  systems  aaad  ia  environmental  applieatioaa  art  kiararckieai 

aad/or  ralatioaal.  *  *  Briefly,  a  kiararekia  atractaxa  it  oaa  ia 

whisk  data  ara  arranged  amck  that  any  partieniar  data  item  aajr  rave  a 

number  of  ralatad  daacandaata,  bat  no  ltaa  any  have  aore  than  oaa  parent 

Kalational  structures,  aa  tka  aaae  implies,  rely  on  aaaooiationa  between 

data  itaaa.  In  a  vary  simplistic  sense,  tka  etractare  can  be  likened  to 

that  of  a  table  with  each  colaaa  representing  a  apaeific  attribata  and 

each  row  correaponding  to  an  aaaooiation.  Tka  table  antriaa  rapraaant  tka 

data  itaaa.  Tka  intereating  feature  of  all  atraetaraa  la  that  they  really 

re 

jnat  attaapt  to  aodal  tka  world  froa  which  tka  data  ara  collected. 

Thera  are  a  number  of  excellent  data  bate  aaaageaent  ayataaa  on  tka 
aarkat.  *  ’  *  The  only  rests lotion  iapoaed  by  tkia  atndy  ia  that  the 

one  aalactad  aaat  tka  overall  naada  of  tka  IKPIMS  at  a  reaaonable  coat. 

Tka  data  bate  will  be  physically  divided  into  aavaral  filaa  in  a 
way  that  will  facilitate  the  updating  and  retrieval  of  data.  The  contanta 
of  tkaaa  filaa  arc  atrongly  anggaatad  by  tka  elataif ication  akown  in  Table 
1.  However,  tkia  will  ba  Influenced  by  tka  aalection  of  tka  data  base 
management  ay a ten. 

Tka  data  baaa  management  ayatam  alao  serves  as  tka  link  between 

the  data  baaa  and  tka  information  procaaaing,  data  entry,  and  ontpnt 

production  algorithms.  Mora  generally,  it  allows  tka  user  to  retriava, 

as 

update,  insert,  and  delate  data  from  the  data  baaa.  At  a  more  basic 


lml,  the  data  base  aanageaent  ijritra  maps  tit  data  aa  atorad  ia  the 
computer  to  a  fora  aora  faailiar  to  tha  user  or  hia  applloatioa  prograas. 

Iaforaatloa  processing  involves  aaalyxiag  aaar  qua r la a  and  forau- 
latiag  a ad  manipulating  tha  data  to  aaat  thaaa  queries.  Tha  iaportaat 
raqairaaaat  hart  ia  that  tha  proeadaxaa  ha  aa  modularized  aa  poaaibla.  Ia 
othar  words,  closely  ralatad  types  of  iaforaatloa  ahoald  ba  prod a cad  by 
•pacific,  iadapaadaat  aoftwara  aodalaa.  Tha  aodalar  approach  faeilitataa 
tha  debugging,  aodif icatioa,  aad  oraatioa  of  proeaaaiag  aoftwara  a ad 
aliowa  tha  ayataa  to  ba  raadily  tailored  to  tha  aaada  at  haad.  Thia 
approach  alao  aakaa  it  aaeh  aaaior  to  effaetlvaly  aaa  "off-the-shelf" 
aoftwara.  All  aoftwara  ahoald  bo  writ tea  ia  a  faailiar  laagaaga  (a.g.. 
POSTS AN,  BASIC.  FL/1,  ate.)  ia  ordar  to  aaaa  aaiatamaaca  aad  aodif icatioa. 
Tha  typaa  of  iaforaatloa  daairad  of  tha  ISPINS  wara  oatliaad  ia  Tabla  2. 

Oatpat  production  ia  iawolvad  with  tha  wiaaal  diaplay  of  iaforaa- 
tioa.  Tha  iaforaatloa  raqairad  by  tha  ISP  (aaa  Tabla  2)  ia  aot  tarribly 
aophiaticatad.  Many  of  tha  raqairaaaata  caa  probably  ba  aat  with 
oorraatly  awailable  aoftwara.  Agaia.  aodularizatioa  ia  iaportaat  if 
aodifieatioaa  and  additioaa  are  to  bo  readily  accoaplished.  Ia  addition 
to  ordinary  eequential  aad  tabular  foraa  of  output,  a  aodarata  level  of 
graphical  capability  ia  indicated  by  the  needa  oatliaad  ia  Tabla  2. 

Oao  topic  that  cuta  acroaa  the  basic  structure  ia  the  quaatioa  of 
reaponaiwoaeaa.  Faatar  reapoaae  tiaaa  to  uaer  qoeriea  require  a  aora 
aophiaticatad  aad,  thus  aora  eoatly  ays  tea.  Tha  IBP  ia  not  generally 
dealing  with  aituatioae  that  require  iuediate  iaforaatloa  aaada.  Sapid 
reapoaae  ia  daairabla  for  a  ayatea  uaod  ia  eaviroaaeatal  criais  aanageaent 
(a.g.,  toxic  material  spills)  but  not  ia  a  program  designed  to  correct  the 


deleterious  effects  of  psst  disposal  practices.  Therefore,  the  IHPIMS 
should  possess  both  roal-tiae  (or  interactive)  sad  batch  processing 
espabilities  for  asking  inforaation  queries  or  requests,  producing  status 
snuaar y  reports  (see  Table  2).  and  entering  sad  revising  data  in  the  data 
base.  However,  all  other  user-systea  communications  can  probably  be 
handled  in  a  batch  node.  This  is  not  intended  to  place  firm  restrictions 
on  the  final  systea  design  but  to  again  eaphasize  the  need  to  justify 
systea  capabilities  in  tsras  of  the  benefits  delivered. 

V.  IMPLEMENTATION 

The  conceptual  design  that  was  outlined  in  the  last  section  will 
guide  the  detailed  design,  construction,  and  iapleaentation  of  the  ISP 
Inforaation  Manageaeat  Systea.  The  current  plan  is  to  have  an  experienced 
external  contractor  perform  these  tasks.  However,  it  will  be  necessary  to 
deliver  iteas  in  a  particular  order.  Phase  II  efforts  have  already  begun 
at  a  few  installations.  Therfore,  ia  order  to  ainiaize  encoding  costs, 
the  most  pressing  need  is  for  the  data  input  forasts  and  associated  codes 
(i.e.,  identification  codes,  parsaeter  codes,  etc.)  to  be  developed  and 
disseainated  to  the  various  Phass  II  efforts. 

Concurrently,  the  systea  software  packages  will  be  developed  and 
tested  with  the  early  Phase  II  results  serving  as  excellent  test  data. 

The  first  step  will  involve  will  bo  the  selection  and  testing  of  s  data 
base  aanageaent  systea.  Because  there  are  aany  excellent  packages  slready 
available  this  effort  will  probably  involve  aatching  one  to  the  needs 
outlined  earlier;  no  significant  software  development  is  expected.  The 
various  data  entry,  inforaation  processing,  snd  output  packages  follow  the 
selection  of  the  data  base  aanageaent  systea.  Encoursgeaent  will  be  given 
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to  the  »••  of  staadard  software  root  in* »  available  ia  the  asrketplace.  A 
coaplete  sot  of  docuaeatatioa  will  also  bo  developed  so  that  Air  Fores 
persoaael  caa  effectively  aao  aad  aaiatala  tho  oatiro  systea. 

Tho  expected  eoapletioa  data  is  aid-198S,  barring  aajr  aaforosooa 
probleae.  Tho  data  iapmt  foraats  aad  oodos  shoald  bo  ia  place  by  tbe  oad 
of  1984.  This  schedule  will  allow  aost  Phase  II  data  to  bo  traasaittod  ia 
the  required  forast  aad  provide  the  tools  aecsssary  to  proceed  with  the 
Phase  III  aad  IV  activities  ia  a  tiaely  aaaaer. 

VI.  SPHHAEI  AMP  IfiflMQgMBmfiM 

The  HP  Iaforaatioa  Maaageaeat  Systea  will  provide  persoaael  at 
the  Oeeupatioaal  sad  Baviroaraeatal  Health  Laboratory,  sad  other  groups  ia 
aad  oat  of  the  Air  Force,  with  a  valuable  tool  for  evaluating  data  gaiaed 
ia  aa  iaportaat  aad  coapreheasive  eavironaeatal  aoaitoriag  prograa.  The 
purpose  of  this  study  was  to  idaatify  the  deaaads  that  will  be  placed  oa 
the  systea,  the  iaforaatioa  aeeded  to  satisfy  those  deaaads,  aad  the  basic 
systea  structure.  Ia  so  doiag,  a  set  of  guidellaes  have  beea  established 
for  the  coastructioa  aad  iaq>leaeatatioa  of  the  systea.  This  helps  to 
iasure  that  the  systea  will  aeet  the  aeeds  of  the  UP  ia  a  cost-effective 
aaaaer.  The  author  hopes  that  this  paper  will  aid  other  groups  developing 
siailar  iaforaatioa  aaaageaeat  systeas  by  outliaiag  oae  approach  to  the 
problea. 

The  true  value  of  a  systea  such  as  this  is,  of  course,  the  iafor- 
aatioa  it  coataias.  The  IBPIMS  will  aot  only  aeet  iaaediate  aeeds  but 


also  provide  a  valuable  source  of  iaforaatioa  for  future  research  ia  the 
fields  of  hasardous  waste  aaaageaeat,  pollutaat  transport,  sad  grouad 
water  aodeliag. 
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The  aliphatic  hydrocarbon  2,3,4  trimethylpentane  induced 
cytopathological  renal  lesions  of  the  proximal  convoluted  tubule  of  the 
adult  male  rat.  No  discernable  cellular  alterations  were  noted  among  the 
hepatocytes  examined.  Three  groups  of  9  experimental  organisms  each 
received  :he  hydrocarbon  by  gavage  administration  twice  weekly  at  a 
concentration  of  1.5  ml/kg  body  weight.  The  concentration  proved  to  be 
non-lethal.  At  each  of  the  respective  periods  of  1,  2  and  4  weeks 
subsequent  to  the  initial  exposure,  9  experimental  and  5  control  animals 
were  sacrificed.  The  kidneys  and  liver  were  excised  and  processed  for 
electron  microscopy.  The  manifestations  of  toxicity  were  evident  among 
all  organisms  analyzed  with  the  severity  and  extent  of  cellular 
alterations  a  function  of  the  duration  of  exposure.  There  were  no 
noticable  aberrations  among  the  cellular  components  of  the  glaneruli 
examined  from  experimental  organisms.  The  most  prominent  feature  of 
altered  cells  among  the  proximal  convoluted  tubules  was  the  presence  of 
large  membrane-bound  granules.  The  structures  were  angular  in  contour 
with  the  interior  charcterized  by  a  periodicity  .of  parallel  repeating 
units.  Focal  sites  of  cellular  degradation  along  the  length  of  the 
proximal  tubule  appeared  to  result  in  the  release  of  cytoplasmic 
organelles,  nuclei  and  granules.  In  addition,  whole  cells  were  detached 
from  the  basal  lamina  and  presumably  passed  into  the  tuDular  lunen. 
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I.  INTRODUCTION 


My  research  endeavors  during  periods  as  a  graduate  stuaent, 
National  Institute  of  Health  Postdoctoral  Fellcw  and  University  Professor 
have  dealt  with  cellular  biology.  1  was  selected  as  an  Air  Force  Stumer 
Faculty  Research  Associate  primarily  because  of  my  experience  in  the 
disciplines  of  cytopathology  and  electron  microscopy.  I  am  familiar  with 
and  have  utilized  a  multiplicity  of  techniques  related  to  both 
transmission  and  scanning  electron  microscopy. 

With  regard  to  my  previous  accomplishments,  I  have  received 
national  research  awards  and  research  grants  pertaining  to 
cytopathological  and  cytological  studies  frcm  the  National  Science 
Foundation  and  the  Air  Force  Office  of  Scientific  Research.  My  research 
efforts  have  resulted  In  over  20  publications  in  national  and 
international  journals.  Presently  I  am  President  of  the 
Louisiana-Mississippi  Society  for  Electron  Microscopy  and  Director*  f  the 
Research  Center  for  the  College  of  Science  and  Technology  at  Southeastern 
Louisiana  University. 

The  Pathology  Branch  of  the  Toxic  Hazards  Division  of  the  Air 
Force  Aerospace  Medical  Research  Laboratory  (AMRL)  investigates  the 
potential  pathological  properties  of  a  variety  of  chemicals  ana  solutions 
which  a*  ied  by  the  Air  Force.  The  Branch  employs  several  animal  model 
systems  and  a  diversity  of  actainistrative  techniques  to  determine  the 
specific  sites  of  lesions  both  at  the  gross  and  cellular  levels.  A 
chemical  of  particular  interest  to  the  Toxic  Hazards  Division  is 
trimethyl pentane  because  of  its  ability  to  induce  renal  lesions  which  are 
similar  pathologically  to  those  obtained  as  a  result  of  exposure  to 
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several  hydrocarbons  present  in  both  aviation  fuels  and  conventional 
gasoline.  The  Toxicology,  Pathology  and  Biochemistry  Branches  of  the 
Toxic  Hazards  Division  of  AMRL  for  the  past  several  years  have  been 
attempting  to  ellucidate  the  various  toxicological  consequences  of 
exposure  to  hydrocarbons. 

A  diversity  of  branch  chain  hydrocarbons  induce  renal  lesions 
among  pre-oature  male  rats.1  The  lesions  are  characterized  by  an 
accentuated  accumulation  of  hyaline  droplets  in  the  cytoplasm  of  proximal 
tubular  epithelial  cells.1  Relatively  low  concentrations  of  hyaline 
droplets  have  been  reported  in  cells  of  the  proximal  tubule  of  sexually 
mature  rats.2  The  incidence  of  droplets  has  been  correlated  with  the 
level  of  proteinuria,  which  in  the  adult  male  rat,  has  been  recognized  as 
a  sexual  characteristic  feature  since  1933-3  The  primary  protein 
associated  with  urine  of  the  adult  male  rat  has  been  characterized  as 
having  a  molecular  weight  of  26,400  Daltons1*,  and  has  been  described  as  o2u 
globulin  in  the  iomunoelectrophoretic  nomenclature. 5 

II.  OBJECTIVES 

The  primary  objective  of  the  proposed  investigation  is  to 
determine  the  cytopathological  effects  of  trimethylpentane  on  rat 
hepatocytes  and  renal  proximal  tubules.  Specifically,  the  stuay  is 
designed  to  analyze: 

(1)  Cellular  organelles  for  evidence  of  dep*adation~Gr - 

alteration. 

(2)  The  fine  structure  of  cytoplasmic  granules  induced  by  the 
hydrocarbon. 
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(3)  The  corticanedullary  junction  which  represent?  the  site  of 
the  renal  lesion. 

(4)  The  organelle  content  of  hepatocytes  to  monitor  for  evidence 
of  cytopathology. 

III.  PROCEDURE 

Adult  male  Fischer  rats  were  divided  into  experimental  and  control 
groups  of  27  and  14  animals  respectively.  Three  groups  of  9  experimental 
organisms  each  received  2,3,4  trimethylpentane  by  gavage  administration 
twice  weekly  at  a  concentration  of  1.5  ml/kg  body  weight.  The  control 
animals  received  an  equivalent  dose  of  tap  water. 

Nine  experimental  and  5  control  animals  were  sacrificed  at  each  of 
the  respective  periods  of  1 ,  2  and  4  weeks  subsequent  to  the  initial 
exposure.  The  kidneys  were  chemically  fixed  by  means  of  perfusion  via  the 
aorta  with  a  2%  glutaraldehyde  solution  buffered  with  0.1M  sodiun 
cacodylate  (pH  7.4).  The  liver  was  excised  prior  to  perfusion,  minced  and 
fixed  in  a  6 i  glutaraldehyde  solution  buffered  with  0.1M  sodiun  cacodylate 
(pH  7.4).  All  tissues  were  post  fixed  in  buffered  21  osmiun  tetroxide. 

The  specimens  were  dehydrated  in  a  graded  series  of  ethanol  and  embedded 
in  Epon  812.  The  tissues  were  sectioned  with  a  Richert  ultramicrotcme  and 
examined  on  a  JECL  100B  transmission  electron  microscope. 

IV.  CONTROL  TISSUE 

The  primary  functional  cell  of  the  proximal  convoluted  tubule  was 
rectangular  to  cuboidal  in  configuration  with  distal  microvilli  which 
projected  into  a  central  lumen.  Proximally,  the  plasma  membrane 
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invagina ted  to  form  narrow  channels  which  contained  cylindrical 
mitochondria.  Within  the  cytoplasm  were  arrays  of  rough  endoplasmic 
retlculun  and  polysomes.  Spherical  membrane-bound  lysoscmes  were  sparsely 
distributed.  Desmoscmes  were  evident  at  the  proximal  and  distal  regions 
of  adjacent  cells.  The  spherical  nuclei  were  characterized  by  regions  of 
peripherally-bound  heterochromatin  and  dispersed  euchrcmatin.  The 
nucleoli  were  compact  structures  consisting  of  fibrillar  ana  granular 
components.  The  basal  lamina  was  comprised  of  a  relatively  thin  amorphous 
layer  of  material  covering  the  proximal  surface  of  the  cells. 

V.  EXPERIMENTAL  TISSUE 

There  were  no  discernable  alterations  among  the  cellular 
components  of  the  glomeruli  observed  from  the  experimental  organisms.  The 
basal  lamina  did  not  appear  to  be  altered  in  thickness.  Multivesiculated 
blebs  protruded  from  both  the  fenestrated  endothelial  lining  and  the 
podocytes.  However,  blebs  of  a  similar  nature  also  were  evident  in 
control  kidneys. 

Epithelial  cells  forming  the  boundary  of  the  Bowman's  capsule 
appeared  normal.  The  cytopathological  effects  of  trimethyl pentane  on 
cells  of  the  proximal  convoluted  tubule  appeared  to  be  a  function  of  the 
length  of  exposure.  In  essence,  the  manifestations  of  toxicity  were 
evident  at  the  earliest  period  analyzed  with  severity  ana  extent  of 
cellular  alterations  increasing  as  the  duration  of  exposure  progressed. 

The  most  pronounced  feature  of  exposed  cells  was  the  presence  of  large, 
angular,  pleomorphic  electron-dense  granules  which  were  membrane-bound . 
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The  inner  contents  displayed  a  high  degree  of  order  with  a  parallel  system 
of  units  indicating  periodicity.  The  concentration,  size  and  position  of 
the  granules  varied  among  the  cells. 

The  cytoplasm  of  cells  forming  the  proximal  tubule  displayed  a 
gradation  of  electron  density.  Micropinocytotic  vesicles  containing 
electron-dense  material  formed  along  the  distal  plasma  membrane  at  the 
base  of  microvilli.  Vacuoles  of  various  diameters  were  evident,  and  focal 
sites  01  mitochondrial  degradation  were  noted.  There  were  no  observable 
alterations  of  the  nuclei  or  nucleolar  constituents.  The  basal  lamina 
encanpassing  the  tubules  appeared  swollen  with  no  evidence  of  dissociation 
or  fragnentation.  At  various  sites  the  basal  lamina  invaginated  ana 
followed  the  contour  of  the  convoluted  plasma  membrane. 

Focal  sites  cf  cellular  degradation  were  noted  al-ng  the  length  oi 
the  convoluted  tubule.  The  affected  cells  were  characterized  by  a 
progressive  loss  of  microvilli,  autolysis  of  mitochondria  and  various 
dc  3rees  of  fragmentation  of  the  distal  plasma  membrane.  Regions  were 
noted  where  cells  appeared  to  detach  from  the  basal  lamina.  Regions  of 
plasma  membrane  fragmentation  were  evident  among  cells  still  bound  to  the 
basal  lamina.  Extensive  degradation  of  mitochondria  was  observed  in  the 
detaching  cells.  Cellular  fragments,  isolated  nuclei,  membrane-bound 
granules  and  intact  cells  were  present  along  the  length  of  the  proximal 
tubule  lunen.  Lesions  at  the  corticcmedullary  junction  were  manifested  in 
the  torm  of  distended  tubules  which  appeared  to  result  from  the 
sequestering  of  cellular  debris. 

In  comparison  to  control  hepatocytes,  no  discemable  cellular  lesions 
or  alterations  resulted  from  exposure  to  the  hydrocarbon.  There  appeared 


to  be  sane  change  in  the  smooth  endoplasmic  reticulum  systsn;  however, 
definitive  results  would  be  possible  only  if  a  morpheme trie  analysis  was 
conducted  on  the  syston. 

vi.  REtataaiiiais 

A  number  of  investigators  have  suggested  that  the  cytopathological 
effects  of  trimethyl pentane  and/or  its  metabolites  may  be  related  to  the 
metabolism  of  the  protein  a2u  globulin.  The  biosynthesis  of  a2u  globulin 
occurs  in  the  liver.  Although  the  precise  site  of  trimethylpentane 
metabolism  has  not  yet  been  determined,  in  all  probability  the  chtalcal  is 
initially  oxidized  in  the  liver.  Morphometric  determinations  at  the 
electron  microscopy  level  enables  the  Investigator  to  conduct  a 
statistical  analysis  of  precise  membrane  bound  systems.  A  morphometric 
analysis  of  both  the  rough  and  smooth  endoplasmic  reticulum  systems  may 
indicate  whether  significant  increases  in  the  biosynthetic  and  oxidative 
processes  nave  resulted  from  exposure  to  trimethylpentane. 

Trltiated  trimethylpentane  may  be  administered  to  adult  male  rats  to 
determine  the  initial  and  subsequent  sites  of  accumulation  within  the 
experimental  organism.  Of  particular  interest  would  be  the  determination 
of  whetner  trimethylpentane  is  associated  with  renal  granules  or  hyaline 
droplets  which  proliferate  as  a  result  of  exposure  to  various 
hydrocarbons.  The  tissues  would  be  analyzed  by  electron  microscopy  to 
ellucidate  the  particular  organelle  associated  with  trimethylpentane  or 
its  metabolites. 

An  analysis  of  the  acid  phosphatase  activity  normally  associated  with 
lysosaoes  of  the  proximal  convoluted  tubule  may  indicate  whether 
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trimethyl pentane  impacts  on  the  degradative  capabilities  of  the  kidney. 

If  such  a  phenomenon  transpires,  the  proximal  tubule  may  be  incapable  of 

V  ' 

metabolizing  a  2  u;' globulin,  and  as  a  result  the  latter  may  accumulate 
within  secondary  lysoscmes  until  cytological  damage  ensues. 

Considering  the  three  recommendations  it  is  my  contention  that  the 
monitoring  of  tritiated  trimethyl pentane  as  a  function  of  time  would 
provide  the  most  meaningful  and  supportive  information.  With  this  thought 
in  mind  I  intend  to  apply  for  a  Research  Initiation  grant,  and  submit  as 
the  primary  objective  the  determination  of  tritiated  trimethylpentane 
deposition  in  the  adult  male  rat. 
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Abstract 

This  report  describes  a  mathematical  formulation  for  modeling  the  L0GA1R 
system.  It  also  discusses  other  contributions  made  during  the  summer 
research  program. 

The  LOGAIR  system  Is  a  privately  contracted  airlift  system  providing 
dally  air  cargo  service  to  56  bases  In  the  continental  United  States 
(CONUS).  The  Air  Force  manages  and  controls  the  operation  which  uses  16 
separate  routes.  Allocation  of  cargo  to  system  capacity  Is  presently 
handled  manually  by  controllers  stationed  at  HPAFB  and  various  Air 
Logistics  Centers  located  elsewhere. 

Because  of  the  limited  efficiency  of  manually  allocating  cargo,  and  the 
great  potential  for  human  error,  a  way  of  mathematically  modeling  the 
allocation  process  and  Incorporating  this  model  Into  a  computer-based 
allocation  system  Is  Investigated.  The  discussion  centers  on  how  certain 
aspects  of  the  allocation  process  can  be  modeled  as  a  multi-period 
generalized  assignment  problem,  while  other  aspects  could  be  modeled  as  a 
multi comnodlty  capacitated  transshipment  problem. 

Although  the  above  formulations  are  difficult  combinatorial  optimization 
problems,  recent  studies  suggest  that  the  allocation  models  could  be 
solved  dally  on  a  microcomputer.  The  mathematical  models  developed  to 
date  are  presented  and  suggestions  made  for  further  research  in 
development  of  the  model  and  for  Implementing  this  model  as  the  basis  of 
a  computer-based  allocation  system. 


,«V - 

O  «W  • 


•*  .  •*  .  •*  »*  **  *•* 


Acknowledgements 


The  authors  would  like  to  thank  the  Air  Force  Office  of  Scientific 
Research,  the  Air  Force  Logistics  Command  and  the  Southeastern  Center  for 
Electrical  Engineering  Education  for  providing  us  with  the  opportunity  to 
spend  a  worthwhile  summer  becoming  familiar  with  the  operations  of  the 
Air  Force  Logistics  Command.  We  would  particularly  like  to  thank  Mr  Vic 
Presutti  and  Mr  John  Madden  of  the  Directorate  of  Management  Sciences  for 
their  hospitality  and  valuable  assistance  throughout  the  summer.  We 
would  also  like  to  thank  the  personnel  of  AFLC/AFOCO  and  AFLC/DS  for  all 
the  time  they  gave  us  while  we  gathered  the  necessary  information  on  the 
LOGAIR  system. 


I.  INTRODUCTION 


Many  problems  of  both  practical  and  theoretical  Importance  Involve 
finding  combinations  of  variables  which  provide  optimal  or  near  optimal 
solutions  given  an  objective  function  and  a  specific  set  of  constraints. 
For  the  Air  Force  in  particular,  one  such  problem  Is  the  dally  task  of 
allocating  cargo  to  available  airlift  capacity  in  the  LOGAIR  (Logistics 
Airlift)  system. 

L0GA1R  exists  to  provide  fast  transportation  of  high  priority  cargo  among 
56  Air  Force  bases  In  the  Continental  United  States  (CONUS).  As  shown  In 
Figure  1,  five  Air  Logistics  Centers  (ALC's)  located  at  the  Kelly, 

Tinker,  Hill,  McClellan  and  Warner-Robblns  Air  Force  Bases  as  well  as 
Wrlght-Patterson  AFB  (WPAFB)  serve  as  cargo  Interchange  points  with 
feeder  routes  emanating  from  each  location.  Trunk  routes  connect  the 
ALCs,  WPAFB  and  points  of  embarkation  at  McGuire,  Dover  and  Travis  Air 
Force  Bases.  Allocation  to  these  routes  Is  made  manually  by  controllers 
at  WPAFB  and  some  of  the  ALCs. 

As  Figure  1  suggests,  allocation  of  cargo  to  the  LOGAIR  system  Is  a 
complex  task  due  to  the  enormous  number  of  ways  that  pallets  can  be 
assigned  to  aircraft.  The  problem  is  complicated  by  multiple  types  and 
prlorltes  of  cargo  pallets  and  types  of  aircraft.  In  addition,  all  bases 
must  be  adequately  serviced  and  transit  times  must  meet  Air  Force 
requirements.  The  complexity  o*  the  problem  limits  the  efficiency  of  a 
manual  allocation  system,  but  lends  Itself  to  some  degree  of  mathematical 
modeling  and  automation. 

In  an  effort  to  model  the  more  complex  combinatorial  characteristics  of 
the  cargo  allocation  problem,  the  authors  have  spent  10  weeks  learning 
much  of  the  operation  of.  the  LOGAIR  system  and  developing  preliminary 
models  which  reflect  particular  aspects  of  the  allocation  process.  This 
paper  describes  these  preliminary  models,  their  use  In  a  computer-based 
allocation  system  and  the  potential  benefits  of  such  a  system.  In 
addition,  other  contributions  made  to  the  AFLC  during  the  same  10  week 
period  are  briefly  discussed. 


109-4 


109-5 


f^/A-uJce- 


II.  OBJECTIVES 


The  objective  of  this  study  was  to  develop  a  mathematical  model  for  the 
LOGAIR  cargo  allocaton  process.  This  model  would  be  the  basis  for  a 
computer-based  on-line  allocation  system. 


109-6 


III.  EVALUATION  of  PRESENT  MANUAL  ALLOCATION  PROCESS 

Because  of  the  complexity  of  the  cargo  allocation  process,  the  efficiency 
of  a  manual  allocation  system  is  limited.  There  are  three  basic  reasons 
for  this. 

First,  even  the  most  experienced  human  controllers  cannot  simultaneously 
consider  the  enormous  number  of  ways  that  the  pallets  could  be  assigned 
on  a  given  day.  As  a  result,  It  Is  frequently  the  case  that  allocations 
which  move  more  cargo  exist,  but  are  overlooked  by  the  controller.  An 
underlying  mathematical  model  could  Identify  allocations  which  Improve 
aircraft  utilization  and  move  more  cargo. 


Second,  under  the  present  entirely  human  allocation  process,  arithmetic 
errors  tend  to  occur,  necessitating  backtracking  and  double  checking  at 
times  when  their  human  skills  need  to  be  more  creatively  used.  A 
computer-based  system  would  eliminate  much  of  this  error. 

Finally,  the  ten  LOGAIR  controllers  tend  to  use  personalized  allocation 
schemes,  which  produce  a  variety  of  final  allocations.  A  mathematical 
model  would  add  consistency  to  the  process,  making  all  persons  involved 
more  comfortable  with  the  allocations,  making  It  easier  for  supervisors 
to  revie’  allocations  and  to  train  new  controllers. 
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IV.  THE  MATHEMATICAL  M09EL 

During  the  Summer  of  1984,  preliminary  work  on  the  mathematical  model  was 
carried  out  by  the  authors.  Several  characteristics  of  the  problem 
appear  In  models  which  have  been  recently  described  In  the  literature  by 
the  author  of  this  proposal  and  otner  researchers.  These  Include  the 
multi-period  and  multiple-choice  knapsack  problems  (Faaland,  1981;  Slnha 
and  Zoltners.  1979),  the  generalized  assignment  problem  (Nygerd  et  al, 
1984;  Hygard  and  Nelson,  1983;  Fisher  and  Jalkumar,  1981);  and  the 
multicommodity  network  flow  problem  (Kennlngton  and  Helgason,  1980, 
Rosenthal  ,1983).  We  now  present  some  of  our  progress  on  the  mathematical 
model.  The  following  notation  Is  adopted: 
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Indices  and  Index  Sets 


i  »  index  of  a  base  served  by  LOGAIR.  i  *  1,  2,  ...»n,  where  n  is 
the  total  number  of  bases  in  the  entire  LOGAIR  System.  For  a 
particular  flight  f,  n£  is  the  index  set  of  bases  served  by  flight 


p  ■  index  of  a  priority  class  for  airlift  available  cargo. 

p<P  ■  {s.1.2}-,  where  s  is  special  high  priority 
(MICAP  and  999  cargo),  1  and  2  are  military  standard 
transportation  priorities  1  and  2. 

f  »  index  of  a  LOGAIR  route.  f€  F,  where  F  is  the  set  of  all 
routes . 

p  p 

k.  ■  pallet  index.  k£  K  £  ^ ,  where  Kjj  is  the  set  of  priority  p 
pallets  at  base  i  destined  for  base  j. 

Constants 

p 

NUMjj  «  Number  of  priority  p  pallets  at  base  i  destined  for  base  j. 
CAPf  ■  Pallet  capacity  of  the  aircraft  type  which  flies  route  f. 
d i j  »  Distance  from  base  i  to  base  j. 

wfj  «  Weight  of  the  ktfl  pallet  of  priority  p  at  base  i  destined  for 
base  j. 

PRp  «  Mathematical  "weight"  associated  with  priority  p  (chosen  so 
that  higher  priority  cargo  is  allocated  first) 

A  . 

Cjj  ■  d  j  j  *  W4  j  *  PRp  »  Benefit  of  Shipping  the  kth  pallet  of 
priority  p  from  base  i  to  base  j. 


Variables 

r 1  ' 

,  if 

the  k^  pallet  of  priority  p 

at 

base  i  destined  for  base  j 

Xij  «  1 

t 

i  s 

allocated  to  flight  f 

1 0  , 

,  Otherwise 

1* 

p 

•c 

1 


-r 

3 


For  a  particular  fixed  route  index  f,  consider  the  following 
mathematical  model: 
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Each  constraint  in  set  (l)  represents  a  leg  of  the  flight,  and  ensures 
that  aircraft  pallet  capacity  is  not  exceeded.  Voce  that  the 
constraints  model  off-loading  along  the  route  as  appropriate,  so  that 
the  constraints  are  not  fully  cumulative  as  they  are  in  a  multi-period 
knapsack  problem  'Faaland,  !°*1).  \n  additional  constraint  set 
similar  to  (!)  is  needed  to  ensure  thst  the  total  weight  the  aircraft 
is  .allowed  to  carry  is  not  exceeded. 


k 
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Constraint  set  (2)  ensures  that  the  model  allocates  only  pallets 
which  are  actually  available  for  shipment.  In  practice,  this  model 
must  be  expanded  to  accommodate  the  two  different  sizes  of  pallets 
in  use,  and  the  regularly  occuring  need  to  link  two  or  more  pallets 
together  in  a  train.  Constraint  set  (2)  can  be  modified  and  written 
with  equations  by  adding  a  dummy  flight  which  can  absorb  all  excess 
pallets  from  each  leg  at  an  artifically  high  cost.  The  new 
constraints  would  be: 


/Jf*  rtf 

x  i  j  +  X  i  j  *  i 


i ,  j  *  l,2,---,nf  •  k*  ? 


where  d  is  the  index  of  the  dummy  flight.  The  resultant  model  might 
then  be  called  a  multi-period  generalized  assignment  model.  The 
model  extends  the  generalized  assignment  model  because  the  pallet 
allocations  use  aircraft  capacity  on  flight  legs  beyond  the  leg  on 
which  they  are  first  allocated.  The  author  of  this  proposal  has 
implemented  two  state-of-the-art  generalized  assignment  codes  for 
use  in  vehicle  routing  (Nygard  et  al,  1984;  Nygard  and  Nelson, 

1983). 

The  above  model  could  only  handle  a  few  of  the  existing  LOGAIR 
routes,  since  most  of  the  routes  have  flight  legs  in  common  and 
tradeoffs .among  flights  need  to  be  accomodated.  An  extension  of  the 
above  model  could  simultaneously  allocate  a  collection  of  flights 
with  common  legs. 

To  accomplish  the  extension,  a  network  can  be  defined,  with  a  node 
for  each  base,  and  arcs  for  the  flight  legs.  Assume  that  common 
flight  legs  are  coalesced  into  a  single  arc,  with  a  capacity  equal 
to  the  sum  of  all  the  component  flight  leg  capacities.  The  cargo 
allocation  problem  can  then  be  modeled  as  an  integer  mul ti -commodi ty 
capacitated  transshipment  problem  on  this  network.  In  this 
formulation,  adopt  the  following  notation: 

bjq  *  Supply  of  pallets  of  type  q  at  base  i,  where  q€-Q,  an  index 
set  of  all  pallet  types.-  In  this  model,  there  is  a  pallet  type  for 
each  origin-destination  pair  (i,j)  and  priority  p.  Negative  supply 
values  are  used  for  demands  at  destination  bases. 

Uh  =  Joint  capacity  over  all  commodities  of  network  arc  h,  where 
h  (  H,  an  index  set  of  arcs  in  the  network. 

Fj  *  Forward  star  of  node  i  (Collection  of  all  arcs  which  originate 
at  node  i). 


Rj  =  Reverse  star  of  node  i  (Collection  of  all  arcs  which  terminate 
at  node  i ) . 


(*hq  3  Disutility  associated  with  a  pallet  of  rype  q  being 
transported  over  arc  h  (This  is  the  negative  of  the  aircraft 
utilization  measure  used  in  the  first  model). 
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With  this  notation,  the  following  optimization  problem  can  be 
wri tten: 

Min  E.  £  Chq  xhq 

k*  H 

Subject  to: 

5~j  xhq  ~  ^  xhq  *■  biq 

h<F[  h<Ri  h  «  H,  q  £  Q 

Z,  xhq  <  Uh 

q  *  Q 

Xhq  2  0  and  integer  h£H,  q£Q 

The  solution  to  this  optimization  problem  yields  a  set  of  integer 
cargo  movements  (flows)  which  maximize  aircraft  utilization.  [f 
there  is  surplus  capacity  on  a  common  flight  leg,  the  existing 
LOGAIR  preferred  flight  list  would  be  used  to  choose  among  the 
aircraft.  A  dummy  node  and  dummy- arcs  leading  to  it  from  supply 
nodes  would  absorb  excess  supply  and  ensure  feasible  allocations 
when  aircraft  capacity  cannot  handle  all  cargo  waiting  to  be  moved. 
Like  the  first  model,  this  formulation  requires  refinement  to  handle 
weight  as  well  as  pallet  count  capacity,  and  additional  variables  to 
model  alternative  pallet  sizes  and  trains. 

Both  of  the  above  formulations  are  difficult  combinatorial 
optimization  problems.  However,  very  recent  progress  on  the 
generalized  assignment  problem  carried  out  by  the  autho.  (Vygard  et 
al  1984,  Vygard  and  Velson,  1983)  and  on  the  continuous  version  of 
the  mu l t i -commod i t y  capacitated  transshipment  problem  by  others 
(Rosenthal,  1 9 S 3 1  suggest  that  this  cargo  allocation  problem  can  be 
solved  to  optimality  on  a  microcomputer  on  a  daily  basis.  Under 
this  proposal,  the  basic  research  needed  to  fully  develop  these 
models  would  be  carried  out.  The  study  will  be  complete  with  actual 
coding  and  e cpe r i men t s  carried  out. 


V.  RECOMMENDATIONS 


Both  of  the  above  formulations  are  difficult  combinatorial  optimization 
problems.  However,  very  recent  progress  on  the  generalized  assignment 
problem  carried  out  by  one  of  the  authors  (Nygard  et  al  1984,  Nygard  and 
Nelson,  1983)  and  on  the  continuous  version  of  the  multi -commodity 
capacitated  transshipment  problem  by  others  (Rosenthal,  1983)  suggest 
that  this  cargo  allocation  problem  can  be  solved  to  optimality  on  a 
microcomputer  on  a  dally  basis. 

The  authors  have  submitted  a  proposal  to  conduct  the  research  that  Is 
needed  to  fully  develop  these  models  and  to  implement  them  as  part  of  a 
computer-based  allocation  system.  We  feel  that,  aside  from  benefits 
realized  from  standardizing  allocation  procedures,  expediting  the 
allocation  process  and  reducing  arithmetic  errors,  the  proposed  system 
could  result  In  the  following  three  basic  types  of  benefits: 

1.  Decreased  Need  to  Invest  In  Spares.  Lower  Order  and  Ship  Times 
(OST)  and  retrograde  time  (DRT)  can  allow  a  reduction  In  the  Investment 
for  spares  needed  to  maintain  the  same  level  of  readiness.  A  recent 
study  can-led  out  by  Gamblll  of  AFLC/XRS  (Gamblll,  1984)  calculated 
potential  cost  savings  In  inventory  Investment  for  a  range  of  OST  and  DRT 
values  and  an  80%  availability  level.  This  study  indicates  that  a 
decrease  of  one  day  in  OST  and  DRT  corresponds  to  a  cost  decrease  of 
about  $34.9  million,  or  about  2.3  percent. 


2.  Increased  Readiness.  Assuming  system  costs  are  held  constant, 
reductions  in  OST  and  DRT  can  help  increase  readiness.  Even  though 
readiness  is  a  function  of  many  factors  and  MICAP  items  are  typically 


shipped  within  OoD  standards  for  transit  time  (Van  Valkenburgh,  1980; 
Wasem,  1983),  some  calculations  which'  relate  to  readiness  improvement  are 
still  possible.  One  part  of  the  Gamblll  Study  (Gamblll,  1984)  assumed 


constant  costs  and  calculated  Increases  In  the  availability  of  weapon 


systems  which  result  from  OST  and  ORT  decreases.  For  example,  with  a  one 


day  decrease  in  OST  and  ORT,  weighted  total  availability  over  all  weapon 
systems  increased  from  a  baseline  of  80$  to  a  new  level  of  81.95%. 


3.  Decreased  Direct  Costs.  When  major  cargo  backlogs  occur, 
additional  tngnts  called  extra  sections  are  employed  to  move  the  cargo. 
Use  of  the  proposed  mathematical  model  may  occassional ly  eliminate  the 
need  for  extra  sections,  saving  the  direct  costs  of  fuel,  contractor 
payments,  and  landing  fees.  These  annual  operating  costs  for  the  entire 
LOGAIR  system  are  presently  about  $100  million  per  year.  Eliminating, 


for  example,  a  2000  mile  flight  which  costs  $7.5/m1  to  operate  would  save 
$15,000  in  operating  costs. 
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VI.  OTHER  CONTRIBUTIONS 
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In  addition  to  researching  a  cargo  allocation  model  formulation,  the 
authors  also  presented  several  technical  reports  discussing  alternative 
approach  to  problems  of  Immediate  concern  for  AFLC  personnel. 

One  report  suggests  Improvements  to  the  Logistics  Management  Institute 
(LMI)  Aircraft  Availability  Model  used  by  AFLC/XRS.  This  report 
recomeends  several  computational  techniques  which  can  potentially 
decrease  run-times  of  the  model  by  taking  advantage  of  structure 
occurring  naturally  In  the  data  and  by  replacing  a  sequential  search  by  a 
binary  search. 

A  second  report  discusses  a  program  designed  and  coded  this  summer.  The 
purpose  of  the  program  was  to  compare  two  files  created  by  the  same  model 
on  two  separate  computer  systems  to  see  If  both  files  contain  Identical 
data.  A  copy  of  the  program  along  with  appropriate  documentation  was 
submitted  to  AFIC  personnel  for  review. 

A  third  report  proposed  a  generalized  network  model  to  simulate  how 
aircraft  availability  relates  to  maintenance,  distribution  and 
procurement  systems.  A  scaled-down  model  was  presented  to  appropriate 
AFLC  personnel  along  with  a  description  of  how  this  approach  might  be 
applied  on  a  larger  scale. 

A  final  report  addressed  the  Air  Force  Program  Objective  Memorandum  (POM) 
assessment.  The  POM  Involves  the  need  to  relate  the  funding  of  different 
categories  of  support  to  warfare  capability  of  specific  weapons  systems. 
The  approach  suggested  In  this  report  modeled,  1r.  a  macro  way,  how 
various  support  activities  result  In  levels  of  weapons  systems,  and  the 
way  levels  of  weapon  systems  combine  to  result  in  general  wartime 
capability.  The  technique  used  was  the  analytic  hierarchy  process 
developed  primarily  by  Thomas  Saaty  (Saaty,  1982). 

The  suggestions  made  In  the  first  two  reports  will  likely  be  Implemented. 
The  latter  two  reports  were  presented  to  help  AFLC  personnel  maintain  an 
awareness  of  techniques  In  the  forefront  of  current  research.  Copies  of 
these  reports  may  be  obtained  from  HQ  AFLC/XRS. 
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LASER  DAMAGE  STUDIES  IN  PURIFIED  AND  PLASTICIZED  POLYAKYLMETHACRYLATES 

by 

Robert  M.  O’Connel 1 
ABSTRACT 

Experimental  studies  were  made  of  the  effects  of  monomer  filtration 
and  plasticization  on  the  laser  damage  properties  of  polymethylmethacrylate 
and  related  transparent  polymers.  The  results  show  that  both  processes  can 
significantly  improve  single-shot  damage  thresholds.  The  multiple-shot  dam¬ 
age  measurements  were  insufficient  to  draw  any  similar  conclusions.  A 
simple  technique  that  uses  scattered,  depolarized  helium-neon  laser  light 
to  estimate  the  concentration  of  micron-sized  impurities  in  liquids  or 
solids  was  developed  and  found  to  be  a  reliable  predictor  of  single-shot 
damage  resistance. 
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I.  INTRODUCTION 

The  lightweight,  low-cost,  and  dye- Impregnable  properties  of  transpar¬ 
ent  polymeric  glasses  (plastics)  make  them  attractrive  for  use  in  high- 
power  military  laser  systems,  both  as  passive  elements  such  as  lenses,  win¬ 
dows,  and  Q-switches,  and  as  active  dye  laser  hosts. 1  Until  recently, 
however,  the  relatively  low  resistance  that  plastics  have  to  damage  by  high 
power  laser  light  had  prevented  their  use  In  these  applications.  Now,  work 

performed  recently  In  the  Soviet  Union  suggests  that  the  laser  damage  resls- 

2 

tance  of  plastics  can  be  greeted  Improved,  and  that  long-lived  plastic- 
host  dye  lasers  are  now  possible.^ 

In  light  of  the  Soviet  work,  a  plastics  laser  damage  program  was  begun 
In  late  1982  at  the  Frank  J.  Seller  Research  Laboratory  (FJSRL).  This 
SCEEE  Fellow  participated  In  the  program  during  a  one  year  leave-of-absence 
from  the  University  of  Missouri  under  the  University  Resident  Research  Pro¬ 
gram  (URRP ).  During  that  time  the  FJSRL  laser  damage  facility  was  design¬ 
ed,  assembled  and  characterized ,  and  used  to  study  the  laser  damage  proper¬ 
ties  of  various  commercially  available  plastics.  Including  polymethylmetha¬ 
crylate,4  blsphenol-A  polycarbonate,5  and  cellulose  acetate  buty¬ 
rate.5  These  measurements  revealed  that  commercially  available  plastics 
have  significantly  lower  laser  damage  resistance  than  commercial lly  avail¬ 
able  optical  qualllty  glasses. 

Ways  of  Improving  the  damage  resistance  of  plastics  have  been  studied 
by  several  Soviet  groups,  but  as  reported  In  a  review  of  that  work,1 
there  is  a  good  deal  of  disagreement  among  the  published  Soviet  reports,  as 
well  as  many  omissions  which  both  preclude  duplication  of  their  measure¬ 
ments  and  make  It  impossible  to  Interpret  their  results  unambiguously. 
What  can  be  gleaned  from  the  Soviet  reports  is  that  monomer  purification  to 
remove  micron  and  sub-micron  sized  absorbing  Inclusions,  and  plasticization 
to  lower  the  material's  Induced  elastic  limit  can  Improve  It's  laser  damage 
resistance.  However,  the  precise  role  of  each  process  In  Improving  either 
single  and/or  multiple-shot  damage  behavior,  and  the  related  problem  of  the 
physics  of  the  damage  process  are  not  yet  well-established.  Thus,  follow- 
on  work  to  the  leave-of-absence  has  consisted  of  plastics  synthesis  at  the 
University  of  Missouri  and  laser  damage  testing  at  FJSRL. 


110-3 


In  light  of  two  years'  experience  In  plastics  damage  work  both  at 

FJSRL  and  at  the  University  of  Missouri,  and  in  order  to  expedite  work  on 

the  project,  the  SCEEE  fellow  was  assigned  to  FJSRL. 

II.  OBJECTIVES 

Plastic  synthesis  work  at  the  University  of  Missouri  began  with  a 
study  of  the  effects  of  various  purification  schemes  on  the  laser  damage 
resistance  of  polymethylmethacrylate  (PWA).  These  schemes  Included  care¬ 
ful  repeated  distillations  and  filtration  with  membranes  of  different  pore 
size.  This  work  was  conducted  by  a  student  and  continued  through  the  sum¬ 
mer  with  the  intention  that  samples  would  be  sent  to  FJSRL  for  damage  test¬ 
ing  late  in  the  sunnier.  The  results  of  these  measurements  would  enable  a 

determination  of  the  effects  of  monomer  filtration  after  distillation  on 

the  damage  properties  of  PMMA  and  provide  some  insight  into  the  role  that 
Impurities  of  different  size  play  in  the  laser  damage  process.  This  study 
constituted  one  objective  of  the  SCEEE  fellowship. 

Since  the  effects  of  the  other  material  Improvement  process,  plastici¬ 
zation,  on  the  laser  damage  properties  of  plastics  had  not  yet  been  studied 
in  the  U.S.,  it  was  stipulated  as  a  second  objective  of  the  fellowship. 

Whether  plasticized  or  not,  the  laser  damage  properties  of  plastics 
are  related  to  the  concentration  of  absorbing  inclusions,  i.e.,  dust,  in 
the  material.  An  estimate  of  the  dust  content  of  a  monomer  or  polymer 
sample  would  thus  enable  both  an  evalution  of  the  effects  of  our  efforts  to 
remove  dust  and  allow  conclusions  to  be  drawn  concerning  dust  content  and 
laser  damage  properties  of  the  polymerized,  damage  tested  materials.  Thus 
finding  and  implementing  a  scheme  to  estimate  the  dust  content  of  a  monomer 
or  polymer  sample  become  a  third  objective  of  the  fellowship. 

In  summary,  the  objectives  of  the  SCEEE  fellowship  were  as  follows: 

(1)  Determine  the  effects  of  monomer  filtration  on  the  laser  damage 

properties  of  PMMA. 

(2)  Determine  the  effects  of  plasticization  on  the  laser  damage 

properties  of  various  transparent  polyalkylmethacrylates. 

(3)  Design  and  implement  a  simple  scheme  to  estimate  the  dust  content 
of  monomer  and  polymer  samples. 
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III.  SCATTERED  0SP0LARI7ED  LASER  LIGHT  FOR  DUST  CORTEHT  ESTIMATIOK 

The  need  for  a  way  to  quickly  and  easily  estimate  the  dust  content  In 
our  monomer  and  polymer  samples  evolved  as  the  sumner's  work  progressed, 
and  eventually  become  the  third  objective  listed  above.  However,  since  the 
product  of  the  work  on  that  objective,  a  helium-neon  laser  probe,  was  used 
to  characterize  the  materials  studied  during  work  on  the  other  two  objec¬ 
tives  and  must  be  mentioned  frequently  in  discussing  them,  the  approach  and 
results  to  Objective  3  are  discussed  first. 

In  a  theoretical  study  of  the  role  of  absorbing  Inclusions  In  laser 
damage,®  It  was  estimated  that  particles  with  diameters  ranging  from  0.1- 
1.0  urn  are  the  ones  most  likely  to  absorb  enough  energy  from  a  laser  pulse 
to  cause  catastrophic  heating  of  the  surrounding  transparent  dielectric 
matrix  and  damage  It.  Thus  the  problem  was  to  derive  a  scheme  to  detect 
and  count  particles  in  this  size  range  that  are  embedded  In  a  matrix  of 
much  smaller  molecular  matter. 

- It  is  well-known7  that  polarized  light  -of-e-  given  wavelength  will . . 

Rayleigh  scatter  from  particles  very  small  compared  to  the  wavelength  c+ 
the  light.  This  means  that  the  original  polarization  will  be  retained  by 
the  scattered  light  and  that,  therefore,  no  light  will  Rayleigh  scatter  in 
the  polarization  direction,  l.e.,  the  direction  of  the  electric  field  vec¬ 
tor.  It  Is  also  well-known7  that  particles  with  dimensions  of  the  order 
of  the  light's  wavelength  will  depolarize  the  light  and  scatter  It  in  aJ2 
directions.  Including  that  of  the  original  electric  field  vector. 

These  Ideas  were  exploited  with  the  arrangement  shown  In  Figure  1. 
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Figure  1.  Experimental  arrangement  for  observing  scattered  depolarized 
helium-neon  laser  light 
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Helium-neon  laser  light  was  used  because  It's  wavelength,  0.6328  um.  Is  "of 
the  order"  of  the  O.l-l.Oym  sized  particles  to  be  detected  and  counted, 
and  because  it's  red  color  permits  simple  visual  observation  of  the  parti¬ 
cles.  The  beam  was  polarized  with  a  sheet  of  Polaroid,  focused  into  the 
sample  witn  a  30  cm  focal  length  lens  to  somewhat  concentrate  the  beam,  and 
observed  with  a  25X  microscope  mounted  with  it's  observtion  axis  perpendicu¬ 
lar  to  the  scatter  track  and  parallel  to  the  electric  field  vector  of  the 
polarized  light.  This  arrangement  allowed  observation  of  depolarized  light 
from  the  micron-sized  particles  of  Interest  against  a  minimized  background 
rtf  Rayleigh-scattered  light  from  molecular  matter  and  particles  much  small¬ 
er  than  those  of  interest.  Thus  the  dust  content  of  a  sample  could  be  esti¬ 
mated  simply  by  counting  the  relatively  bright  scattering  centers  seen  with 
the  25X  microscope  in  the  approximately  0.35  mm^  volume  occupied  by  a  5 
um  length  of  scatter  track. 

This  scheme  proved  to  be  most  useful  when  it  was  used  to  estimate  the 
relative  dust  content  of  two  or  more  samples.  For  example,  in  a  study  of 
the  effects  of  simple  monomer  purification  (i.e.,  drying  and  single  distill- 

g 

ation)  on  the  laser  damage  properties  of  PW4A  ,  It  was  found  that  the 
purified  sample  had  significantly  greater  resistance  to  laser  damage  than 
the  unpurified  sample.  To  confirm  that  the  purification  effort  had  actual¬ 
ly  been  successful  and  could  thereby  be  given  credit  for  the  Improved  dam¬ 
age  resistance,  the  depolarized,  scattered  light  scheme  was  used  to  esti¬ 
mate  the  relative  dust  content  of  the  two  samples.  The  unpurified  material 
was  found  to  contain  approximately  six  times  as  many  dust  particles  as  the 
purified  material,  thereby  establishing  a  direct  correlation  between  dust 
content  and  susceptibility  to  laser  damage.  Similar  results  were  obtained 
with  the  materials  used  in  the  work  on  Objectives  2  and  3.  Details  can  be 
found  in  sections  IV  and  V. 

IV.  THE  EFFECTS  OF  MONOMER  FILTRATION  ON  THE  LASER  DAMAGE  PROPERTIES  OF 

PMMA 

In  the  above-mentioned  study  of  the  effects  of  simple  monomer  drying 

g 

and  distillation  on  the  laser  damage  properties  of  PMMA  ,  it  was  found 
that  both  the  single-  and  multiple-shot  behaviour  could  be  sign  if icantly 
Improved.  The  next  step,  and  the  subject  of  this  objective,  was  to  deter¬ 
mine  whether  micropore  filtration  of  the  monomer  prior  to  polymerization 
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would  produce  further  Improvement  over  distillation.  Interestingly, 
researchers  In  another  field  have  claimed  that  micropore  filtration  of  dis¬ 
tilled  water  actually  leaves  more  particles  of  dimensions  similar  to  that 

Q 

of  the  filter  pore  than  It  removes.  This  would  suggest  that  monomer  fil¬ 
tration  would  not  improve  laser  damage  resistance. 

To  study  this,  three  Pi'iMA  samples  were  synthesized  at  the  University 
of  Missouri  and  laser  damage  tested  at  FJSRL  as  part  of  the  SCEEE  fellow¬ 
ship.  All  three  samples  were  made  from  carefully  distilled  monaiKjr,  a  step 
which  Is  necessary  to  remove  hydroquinone  Inhibitor,  but  also  eliminates  a 
great  deal  of  dust,  as  shown  by  the  depolarized  scattered  light  scheme  with 

O 

the  samples  used  In  the  drylng/dlstl nation  study  (see  section  III). 
Samples  of  the  distilled  monomer  were  then  passed  through  a  filter  appara¬ 
tus  containing  either  no  filter,  a  0.40  u«  filter,  or  a  0.22  um  filter, 
respectively.  Polymerization  was  by  ultraviolet  Initiation  without  any 
free-radical  Initiator.  This  method  was  found  to  be  safer,  cleaner,  easier 
and  faster  than  the  thermal  method  used  In  Ref.  8,  which  required  the  use 
of  a  free  radical  Initiator  (a  source  of  Impurities). 

Laser  damage  measurements  were  performed  at  FJSRL  with  the  facility 
that  has  been  described  thoroughly  In  Ref.  4.  Briefly,  It  consists  of  a 
1.06  urn  wavelength  Q-swItched  Nd: YAG  laser  that  provides  8  +  2  nsec  F'.'HM 
pulses  with  up  to  300  mj/pulse  at  a  pulse  repetition  frequency  (PRF)  of  up 
to  10  pulses  per  second  (pps).  A  25  cm  focal  length  lens  focuses  the  beam 
Into  the  test  sample,  and  a  colllnear  helium-neon  laser  beam  Is  used  to  mon¬ 
itor  damage.  Careful  knife-edge  measurements  of  the  focused  1.06  um  beam 
showed  that  its  spatial  profile  Is  reasonably  Gaussian  in  and  near  the 
focal  plane  with  a  1/e  radius  (spot  size)  of  33  +  1.7  um  and  an  associ¬ 
ated  focal  volume  (in  PMMA)  of  approximately  0.01  mm^.  The  spot  size  was 

determined  by  least-squares  fitting  a  Gaussian  profile  to  the  numerically 

2 

differentiated  knife-edge  data.  The  peak  fluence  level  (J/cm  )  for  each 
pulse  was  obtained  by  normalizing  the  measured  spatial  profile  to  the  total 
pulse  energy,  which  was  measured  calorlmetrlcally.  Based  upon  uncertain¬ 
ties  In  the  spot  size  and  the  power  meter  used  to  monitor  pulse  energy,  a 

standard  deviation  of  15X  was  obtained  for  these  values. _ 

For  this  work,  laser  damage  was  defined  as  a  large  enough  permanent 
change  in  the  material  to  be  detected  with  the  colllnear  helium-neon  laser 
probe,  which  was  found  to  be  reliable  In  detecting  damage  sites  as  small  as 
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5-10  u m  in  diameter.  In  addition  to  the  laser  probe,  which  suffers  from 
high  sensitivity  to  slight  misalignment,  the  occurrence  of  damage  was  indi¬ 
cated  by  either  a  spark  or  flash,  or  by  the  appearance  of  one  or  more 
bright  scattering  centers  in  the  beam  path  after  irradiation. 

To  measure  single-shot  damage  thresholds,  defined  as  laser  fluence 
o 

levels  (J/cm  )  with  a  50X  probability  of  causing  damage  in  one  pulse, 
approximately  10  sites  in  each  test  sample  were  irradiated  with  one  pulse 
each  at  a  given  fluence  level  and  evaluated,  as  discussed  above,  for  the 
occurrence  of  damage.  This  process  was  repeated  at  several  fluence  levels. 
A  plot  of  the  resultant  damage  statistics  is  shown  in  Fig.  2  along  with  the 


Figure  2.  Single-shot  damage  statistics  in  the  monomer-filtration  study 

results  of  least-squar is-fitting  (LSF)  straight  l^ies  to  the  data.  The  sta¬ 
tistical  nature  of  the  data  is  caused  by  the  abr'<e-mentioned  15X  standard 
deviation  in  the  peak  fluence  values;  by  the  subjectivity  inherent  in 
deciding  whether  damage  occurred  in  marginal  cases,  which  introduces  no 
more  than  a  5%  error  in  the  damage  probabilities;  and  by  site-to-site  varia¬ 
tions  In  the  material,  as  discussed  in  Ref.  8.  The  damage  thresholds, 
obtained  from  the  midpoints  of  the  LSF  lines,  are  given  in  Table  1  along 
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with  the  dust  content  of  each  sample,  as  determined  with  the  depolarized 
scattered  light  scheme.  Each  dust  content  number  In  the  table  Is  the  aver¬ 
age  of  six  readings  taken  with  the  scattered  light  probe. 

TABLE  1.  Oust  Content  and  Single-shot  Damage  Thresholds  of  PMMA  in  the 
Monomer  Filtration  Study 


Sample 

Monomer 

Description 

Oust  Content 
(Particles/mm3) 

Single- shot  Damage 

Threshold  (J/cm3) 

E20 

distill  only 

7.1 

29 

£22 

distill  and 

0.4  um  filter 

0.5 

67 

E24 

distill  and 

0.22  u*  filter 

0.0 

86 
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The  data  show  a  clear  correlation  between  decreasing  filter  pore- size, 
significantly  decresed  dust  content,  and  significantly  Increased  single¬ 
shot  damage  thresholds.  If  these  results  are  combined  with  that  of  refer¬ 
ence  8,  It  can  be  concluded  that  micropore  filtration  can  significantly 
reduce  dust  and  Improve  single  shot  damage  thresholds  beyond,  l.e.,  In  addl- 

O 

tlon  to,  the  levels  c'  Improvement  possible  with  distillation  alone. 

It  was  not  possible,  In  the  time  available,  to  extensively  measure  the 
multiple-shot  damage  behavior  of  all  three  of  the  samples  listed  In  Table 
1;  only  E-24,  the  cleanest  and  most  single-shot  damage-resistant  one  was 
tested  and  compared  with  the  purified  sample  studied  In  Ref.  3. 

Multiple-shot  damage  Is  that  which  occurs  when  a  material  is  Irradiat¬ 
ed  repetitively  at  laser  fluencc  levels  aell  below  the  single-shot 
threshold.  To  study  the  multiple-shot  behavior  of  sample  E-24,  six  sites 
were  irradiated  at  one  of  several  sub-threshold  fluence  levels  and  the  num¬ 
ber  of  pulses  required  to  produce  damage  equivalent  to  single-shot  damage 
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was  recorded.  The  results  of  measurements  made  at  laser  PRFs  of  1  and  10 
pps  are  given  in  Table  2.  For  convenience,  fluence  levels  are  given  both 
in  absolute  values  (F)  and  as  a  fraction  (F/F,,,)  of  the  single-shot  dam¬ 
age  threshold  (FyH).  As  discussed  elsewhere,  multiple-shot  damage  in 
PMMA  is  cumulative  and  grows  slowly,  especially  at  relatively  low  subthresh¬ 
old  fluence  levels;  thus  there  is  some  subjectivity  in  deciding  when  multi¬ 
ple-shot  damage  equivalent  to  single-shot  damage  has  occurred.  By  compar¬ 
ing  several  single-  and  multiple-shot  damage  sites  with  lOOx  brlght-fleld 
microscopy,  it  was  determined  that  the  helium-neon  laser  damage  probe  is  a 
reliable  damage  indicator  and  greatly  reduces  the  subjectivity  in  decision 
making.  Thus,  the  numbers  in  Table  2  are  accurate  to  within  one  or  two 
shots  at  1  pps  and  to  within  10  to  20  shots  at  10  pps. 


TABLE  2.  Site-to-site  Results  of  Multiple-shot  Damage  Measurements  in  Sample  E-24 


Absolute 

Laser  Fluence 
(J/cm2) 

Fractional 

Sub threshold 
Fluence(F/FTH) 

No.  of  Pulses 

to  Damage  Each 
Site  at  1  pps 

Non-damaging 

Shots  at 

1  PPS 

No.  of  Pulses 

to  Damage  Each 
Site  at  10  pps 

Non-damaging 

Shots  at 

10  pps 

32 

0.36 

91,50 

250(4  sites) 

13,50,35,30,40 

1000(1  site) 

16 

0.18 

80,50 

250(4  sites) 

100,130,60 

1000(3  sites) 

9 

0.10 

29,40 

250(3  sites) 

1000(1  site) 

100,120 

1000(4  sites) 

4 

0.04 

70,160 

250(4  sites) 

1000(6  sites) 

In  Ref.  8,  the  1  pps  multiple-shot  damage  resistance  of  the  material 
made  from  purified  monomer  was  significantly  greater  than  that  of  the  mater¬ 
ial  made  from  unpurified  monomer.  For  example,  whereas  the  unpurified  sam¬ 
ple  damaged  consistently  within  30  shots  at  F/FyH  levels  at  or  below 
0.27,  the  purified  sample  always  survived  hundreds  of  shots  without  damage 
at  comparable  fluence  levels.  One  useful  way  of  describing  a  material's 
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multiple-shot  damage  resistance  is  in  terms  of  the  fractional  subthreshold 
fluence  level  below  which  the  cumulative  damage  process  will  not 

occur  and  the  material  will  not  damage.  Since  the  unpurified  material 
damaged  so  quickly  at  F/FTH  *  0.14,  it's  subthreshold  "asymptote"  must  be 
well  below  this  level.  On  the  other  hand,  the  purified  material  appeared 
to  have  an  asymptote  in  the  neighborhood  of  F/F^  -  0.19  to  0.25. 

The  1  pps  data  in  Table  2  show  that  sample  E-24  had  no  asymptote  for 
F/F-th  levels  as  low  as  0.04,  a  disappointing  result.  In  fact,  the  mater¬ 
ial  damaged  in  two  of  six  indicated  sites  at  each  subthreshold  fluence 
level,  thereby  giving  very  little  indication  of  even  approaching  an  asymp¬ 
tote.  At  10  pps,  the  sample  showed  improved  damage  resistance  with  decreas¬ 
ing  fluence  levels,  and  an  apparent  asymptote  at  F/FyH  ■  0.04.  This 
behavior  is  more  typical,  but  in  light  of  the  1  pps  results,  it  is  somewhat 

A  C  Q 

comfusing  because  the  PRF  dependence  seen  in  other  studies  *  ’  is  not 
seen  here.  If  the  material  has ^^10  pps  asymptote  at  F/FTH  3  0.04, — nr 
should  have  a  1  pps  asymptote  at  an  equal  or  greater  F/F-^  level.  The 
most  plausible  explanation  for  the  discrepancy  seen  here  is  that  an  insuffi¬ 
cient  number  of  sites  were  irradiated  to  obtain  a  true  statistical  picture 
of  the  multiple-shot  behavior  of  the  sample.  As  explained  in  Ref.  8,  a 
cleaner  material  will  appear  less  uniform  to  a  narrowly  focused  laser  beam 
than  a  material  that  is  not  so  clean  because  the  probability  of  focusing  on 
identical  Impurity/matrix  environments  from  site-to-site  is  decreased  in 
the  cleaner  material.  Thus,  a  greater  number  of  irradiated  sites  are  need¬ 
ed  in  order  to  sample  over  the  purity  range  of  the  material  with  the  same 
uncertainty  as  in  the  more  uniform,  dirtier  material. 

V.  THE  EFFECTS  OF  PLASTICIZATION  ON  THE  LASER  DAMAGE  PROPERTIES  OF 

VARIOUS  TRANSPARENT  POLYALKYLMETHACRYLATES 

As  stated  in  the  introduction,  some  of  the  Russian  articles  reviewed 
in  Ref.  1  assert  that  plasticization  should  Improve  a  material's  laser  dam¬ 
age  resistance  by  allowing  the  relief  of  thermoelastic  stresses.  Supposed¬ 
ly,  plasticization  should  be  especially  useful  in  the  case  of  low  fluence 
level,  multiple-shot  damage,  which  is  very  Important  from  an  applications 
point  of  view.  Since  no  domestic  research  in  this  area  had  been  reported 
to  date,  the  initiation  of  such  was  established  as  an  objective  of  the 
fellowship. 
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The  first  task  was  to  decide  which  combinations  of  plastic/plasticizer 
to  study.  Plasticization  can  be  accomplished  either  internally  by  copoly¬ 
merization  or  externally  by  non-volatile,  high  molecular  weight  additives. 
In  either  case,  the  effect  of  the  plasticizer  is  to  soften  the  material  and 
lower  its  glass  transition  temperature  by  reducing  its  density.  Since  some 
efforts  at  internal  plasticization  were  already  on-going  at  FJSRL,  external 
plasticization  was  emphasized  during  the  fellowship. 

Because  PMMA  had  been  the  subject  of  the  purification  studies  (Ref.  8 
and  Section  IV  of  this  report),  it  was  chosen  as  the  primary  host  material 
in  the  plasticization  study.  In  researching  the  matter,  however,  it  was 
found  that  several  other  polyalkylmethacylates  also  had  promise  and  should 
be  studied  if  time  were  available.  They  are  listed  In  Table  III  along  with 
PMMA. 


Table  III.  Promising  Polya! kylmethacrylate  Host  Materials  for  Plasticiza- 
K-  \.  tion  Study 


■- 

Glass 

Solubility 

SN 

Transition 

Parameter 

• 

Material /Abbreviation 

Temperature 

Tg  In  °C 

(cal/cm3)1/2 

Poly-methyl -methacryl ate/PMMA 

105 

9.3 

m. 

f* 

Poly-ethyl -methacryl ate/PEMA 

66 

9.1 

r.v. 
«■  /•*. 
i 

Poly-isopropyl-methacrylate/PiPMA 

81 

8.5 

Lfr 
» ■  * • 

r 

Poly-secbutyl -methacryl ate/PsBMA 

60 

8.2 

r.-; 

h’  *'• 

*  ,■  * 

Poly-ter tbutyl -methacryl ate/PtBMA 

105 

8.3 

Poly-cyclohexyl  -methacryl  ate/PcMA 

66 

9.2 

*■  •  *  • 


110-12 


Like  PMMA,  their  monomers  are  commercially  available  and  can  be  polymerized 
at  room  temperature^  with  ultraviolet  (UV )  initiation  into  clear,  trans¬ 
parent  amorphous  solids.  Furthermore,  their  glass  transition  temperatures 
(also  called  softening  points)  are  well  above  room  temperature  (see  Table 
III);  thus,  at  and  near  room  temperature  the  materials  should  be  thermally 
stable  and  hard  enough  to  polish  easily,  resist  scratching,  and  maintain 
good  optical  figure,  i.e.,  dimensional  stability. 

The  plasticizers  chosen  for  the  study  had  to  be  transparent  liquids  at 
room  temperature  and  be  compatible  with  their  plastic  hosts. ^  The  compa¬ 
tibility  of  two  liquids  can  be  quickly  estimated  by  comparing  their  so-call- 
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ed  solubility  parameters.  *  Experience  has  shown  that  if  the  solubil¬ 
ity  parameters  of  a  plastic  host  and  a  prospective  plasticizer  are  within  a 
cgs  unit  of  each  other,  the  material  will  be  compatible  in  most  propor¬ 
tions.  After  considering  data  on  several  phthalates,  sebacates  and  adi¬ 
pates,  it  was  decided  that  the  four  materials  listed  in  Table  IV  could  be 
used  for  this  study  with  the  host  materials  in  Table  III. 

Table  IV.  Plasticizers  Compatible  with  the  Host  Naterials  in  Table  III 

Solubility  parameter 


Materials/Abbreviation  In  {cal/cm*)^ 

Dibutyl  Phthalate/DBP  9.3 

D1 butyl  Sebacate/DBS  3.0 

D1-2-Ethylhexyl  Plathalate/DEHP  8.8 

Dioctyl  Adipate  DOA  8.7 


Since  dibutyl  phthalate  (DBP)  is  a  well-known  plasticizer  of  PMMA^  it 
was  chosen  as  the  primary  plasticizer  in  the  study.  The  others  in  Table  IV 
would  be  studied  if  time  permitted  it  (it  did  not). 
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Time  did  permit  synthesis  of  several  samples  of  each  of  the  host  mater¬ 
ials  PMMA,  PEMA,  and  PcMA  from  Table  III.  Individual  samples  of  each  host 
material  were  plasticized  with  0,  5,  and  10  weight  percent  of  DBP, 
respectively.  Also,  one  sample  of  PW1A  was  copolymerized  with  five  weight 
percent  CHMA.  The  maximum  plasticizer  content  was  limited  to  ten  weight 
percent  because  plasticizers  are  known  to  reduce  glass  transition  tempera¬ 
tures  rather  sharply,^  and  a  material  whose  glass  transition  temperature 
is  near  room  temperature  would  not  have  the  desirable  thermal  and  mechani¬ 
cal  properties  discussed  above.  The  three  monomers  in  question  and  the  DBP 
were  purified  by  distillation  approximately  as  described  in  Ref.  8,  with 
some  minor  practical  differences.  Thus,  whereas  PMMA  could  be  fractionally 
distilled  at  atmospheric  pressure  in  a  nitrogen  atmosphere,  CHMA  and  DBP 
had  to  be  vacuum  distilled,  and  EMA  had  to  be  dried  with  calcium  hydride  as 
described  in  Ref.  8,  then  distilled  in  a  nitrogen  atmosphere.  For  polymeri¬ 
zation,  the  monomer /plasticizer  solutions  were  sealed  in  clean  6  cm  x  17  mm 
diameter  glass  ampoules  at  atmospheric  pressure  and  placed  eight  inches 
from  a  UV  mercury  lamp  for  five  days. 

The  PMMA  and  PEMA  produced  this  way  'were  hard,  odorless,  bubble-free, 
crystal  clear  and  transparent,  i.e.,  of  excellent  optical  quality  and  eligi¬ 
ble  for  laser  damage  testing.  All  three  PcWA  samples,  however,  while 
hard,  odorless  and  bubble-free,  turned  slightly  cloudy  after  two  to  three 
days  in  front  of  the  mercury  lamp.  The  sample  with  ten  weight  percent  DBP 
took  the  longest  time  to  turn  cloudy,  which  suggests  that  the  cloudiness 
was  caused  by  a  small  degree  of  crystallization,  which  the  plasticizer 
could  delay,  but  not  prevent.  Time  did  not  allow  further  investigation  of 
this,  and  because  of  the  cloudiness,  the  PcWA  samples  were  not  laser  dam¬ 
age  tested.  In  final  preparation  for  such  testing,  the  PMMA  and  PEMA  sam¬ 
ples  were  cut  and  ground  into  one-half  inch  disks,  then  polished  successive¬ 
ly  with  1.0,  0.3,  and  0.05  urn  alumina  abrasives. 

Damage  tests  on  the  PMMA  and  PEMA  samples  were  performed  exactly  as 
described  in  the  filtration  study  of  Section  IV.  LSF  straight  lines  were 
fit  to  single-shot  damage  statistics,  as  in  Fig.  2,  and  the  single-shot  dam¬ 
age  thresholds  were  obtained  from  the  midpoints  of  the  LSF  lines.  Table  V 
lists  the  seven  samples  tested,  their  single-shot  damage  thresholds,  and 
their  respective  dust  contents  as  determined  with  the  depolarized  scattered 
light  scheme,  described  in  section  III. 
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Table  V.  Oust  Content  and  Single-Shot  Damage  Thresholds  of  PMMA  and  PEMA 
In  the  Plasticization  Study 


Sample 

Description 

Dust  Content 
(Partlcles/mm^) 

Single-Shot  Damage 
(Threshold  J/cm2) 

Rl 

PMMA 

20.0 

32 

R2 

PMMA  +  5%  DBP 

37.1 

29 

R3 

PMMA  +  10X  DBP 

31.4 

32 

R4 

PMMA  +  SX  CHMA 

51.2 

26 

R8 

PEMA 

72.9 

19 

R9 

PEMA  5X  OBP 

96.6 

17 

RIO 

PEMA  ♦  10X  OBP 

97.7 

17 

Compared  to  the  samples  studied  In  Section  IV  (see  Table  1)  those  list¬ 
ed  In  Table  V  unfortunately  had  more  dust  and,  as  expected,  lower  damage 
thresholds.  Evidently,  the  procedures  used  In  preparing  the  samples  of 
Table  V  were  not  as  successful  In  eliminating  dust  as  those  used  In  prepar¬ 
ing  the  samples  of  Table  I.  Despite  the  high  dust  contents,  the  data  in 
Table  V  allow  an  Interesting  observation  to  be  made.  Whereas  the  plasticiz¬ 
ed  materials  all  had  significantly  higher  dust  contents  than  their  unplasti¬ 
cized  counterparts,  their  thresholds  were  not  significantly  lower.  For 
example,  sample  R3  was  more  than  50X  dirtier  than  Rl,  but  their  single-shot 
damage  thresholds  were  Identical.  Combining  this  result  with  those  of  Ref. 
8  and  Section  IV  where  damage  thresholds  are  always  Inversely  correlated 
with  dust  content.  It  can  be  concluded  here  that  plastlclatlon  can  signifi¬ 
cantly  Increase  single-shot  damage  thresholds.  8ecause  the  dust  contents 
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and  damage  thresholds  of  unplasticized  PMMA  and  PEMA  were  so  different,  no 
valid  comparison  of  the  single-shot  behaviour  of  the  two  materials  can  be 
made  with  the  data  of  Table  V. 

Multiple-shot  damage  measurements  were  made  on  the  seven  samples  list¬ 
ed  in  Table  V  also,  but  because  of  the  limited  time  available,  it  was  only 
possible  to  make  a  small  number  of  measurements.  Whereas  the  PMMA  samples 
showed  virtually  no  plasticizer-dependent  multiple-shot  behavior,  the  plas¬ 
ticized  PEMA  was  somewhat  more  damage  resistant  than  it's  unplasticized 
counterpart.  No  valid  conclusion  can  be  made,  however,  because  of  the  dif¬ 
ferences  in  dust  content.  To  study  the  effects  of  plasticizer  alone,  both 
the  unplasticized  and  plasticized  samples  would  have  to  have  identical,  or 
at  least  similar,  dust  contents.  Table  V  shows  that  such  was  not  the  case 
here. 

VI.  RECOMMENDATIONS 

The  scattered  depolarized  laser  light  scheme  proved  to  be  very  success¬ 
ful  In  quickly  estimating  the  dust  content  of  a  liquid  or  polymer  sample 
and  in  illustrating  the  direct  correlation  between  dust  content  and  single¬ 
shot  damage  thresholds.  As  the  next  step  in  understanding  the  actual  mech¬ 
anism  of  damage,  the  scattered  light  scheme  should  be  Improved  to  electroni¬ 
cally  measure  the  size  distribution  of  the  dust  particles. 

Samples  E20,  E22,  and  E24  allowed  firm  conclusions  to  be  drawn  concern¬ 
ing  the  effect  of  monomer  filtration  on  dust  content  and  its  concomitant 
relation  to  single-shot  damage.  Completion  of  the  multiple-shot  damage 
measurements  begun  here  will  allow  similar  conclusions  to  be  drawn  concern¬ 
ing  the  important  multiple-shot  damage  problem. 

The  plasticization  study  was  extensive  enough  to  conclude  only  that  It 
appears  to  have  a  significant  effect  on  single-shot  damage.  This  result 
was  not  firmly  established  and  the  multiple-shot  measurements  were  even 
less  conclusive.  The  work  begun  here  with  PMMA  and  PEMA  should  be  complet¬ 
ed,  and  studies  of  the  other  four  materials  in  Table  III  should  be  begun. 
The  polyalkylmethacrylates  are  easy  to  work  with,  relatively  inexpensive, 
and  laser  damage  studies  with  them  as  a  family  will  provide  new  needed 
information  about  the  damage  mechanism. 
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I.  INTRODUCTION; 


The  AFATL  electromagnetic  launcher's  mission  is  the  study  of  "  a 
number  of  technology  issues  affecting  ultimate  development  of  an  EML 
weapon.  These  include  developing  a  ballistically  stable  projectile, 
Improving  reliability  and  optimizing  the  energy  efficiency  of  the  EML 
and  power  source."1  Improving  the  reliability  of  the  system  will 
require  a  better  understanding  of  the  physical  processes  responsible 
for  rail  damage.  The  feasibility  of  optimizing  the  energy  efficiency  of 
the  EML  and  power  source  depends  on  the  validity  of  the  electrical  and 

thermal  modelling  of  the  system. 

. . .  —  "  9 . . . . . . .  ' 

To  this  mid  K.  Cobb  et  al.  have  written  a  computer  simulation 

of  this  multiple  modular  electromagnetic  launcher.  This  model  includes 
the  effect  of  skin  depth  on  rail  resistance.  The  plasma  armature  is 
treated  as  an  additional  circuit  component  with  its  own  electrical 
properties.  The  user  can  vary  all  module  branch  circuit  parameters  as 
well  as  rail  resistance  and  inductance  gradient.  Numerical  solutions 
executed  on  a  Cyber  175  computer  produce  values  for  system  parameters 
as  function  of  time  and  position.  Tabular  and  grapnical  display  of  the 
results  are  available  as  output. 

In  general,  agreement  between  experimental  results  and  the  AFATL 
model  predictions  was  good.  Differences  between  ideal  case  predictions 
and  experimental  results  provide  a  tool  for  significant  improvement  in 
the  understanding  of  real  system  behavior  and  in  the  validity  of  the 
computer  model. 
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II.  OBJECTIVES  OF  THE  RESEARCH  EFFORT 


The  objective  of  this  effort  was  improvement  of  the  electrical  and 
thermal  modeling  of  the  AFATL  electromagnetic  launcher  system. 


III.  DATA  ACQUISITION 

The  system  diagnostics  were  designed  to  measure  breech  voltage, 
muzzle  voltage,  breech  (rail)  current,  gas  pressure  at  the 
preaccelerator,  and  projectile  speed  at  the  breech  and  muzzle.  The  rail 
current  is  measured  at  the  rail  breech  with  an  actively  Integrated 
Rogowstd-loop  pick  up  at  the  rail  breech.  Voltage  measurements  are  made 
between  the  rails  at  the  breech  and  muzzle.  Voltage  and  current  signals 
are  transmitted  to  the  control  console  via  optically  i  elated 
differential  amplifiers  and  twisted  shielded-pair  cables.  Breech  and 
muzzle  speeds  were  to  be  determined  by  measuring  the  time  interval 
between  the  interruption  of  two  collimated  light  bens  10  cm  apart. 

During  many  of  the  test  firings  at  AFATL  the  breech  voltage, 
muzzle  voltage  and  rail  current  signals  were  recorded  by  Nlcolet 
4094  digital  oscilloscopes  set  to  sample  every  2  nanoseconds.  The  4096 
events  recorded  by  each  channel  were  stored  by  the  oscilloscopes  in  its 
own  format  on  5  1/4"  floppy  disks.  The  data  arrays  were  transferred  to 
8”  disks  in  a  format  compatible  with  the  DUG  Tektronix  4054A  graphics 
computer  system  by  M.Sgt.  D.  Burkhett. 

When  the  muzzle  speed  measurement  system  failed  to  perform  as 
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expected  a  ballistic  pendulun  and  a  break  paper  time-of- flight  system 
was  installed.  Two  of  the  data  acquisition  channels  had  to  be  dedicated 
to  the  break  paper  system.  Preliminary  testing  of  optical  diagnostics 
also  required  oscilloscope  channels.  The  nunber  of  premising  proposals 
for  additional  diagnostics  soon  overwhelmed  the  limited  number  of 
channels  available.  Assignment  of  priorities  became  a  painful  necessity 
with  the  inevitable  result  that  until  planned  additional  data 
acquisition  capability  is  in  place  all  potentially  useful  data  can  not 
be  obtained  simultaneously. 


IV.  DATA  ANALYSIS 

This  summer  the  Tektronix  graphics  computer  system  became  the 
primary  tool  in  the  analysis  of  data.  It  also  served  as  a  terminal  for 
the  Cyber  175  allowing  graphics  display  through  Plot  10  commands  from 
the  Cyber  to  the  Tektronix  system.  Software  was  developed  and  is  being 
used  for  transfer  of  data  arrays  to  the  Cyber  memory  as  ASCII  strings. 
Thus  it  is  now  possible  to  use  the  computing  power  of  the  Cyber 
together  with  the  graphics  capabilities  of  the  Tektronix's  system  to 
develop  a  model  whi  h  can  incorporate  empirical  data. 

Figure  1  shows  the  recorded  muzzle  voltage,  breech  voltage  and 
rail  current  vs  time  as  well  as  computed  values  of  rail  current  squared 
from  two  test  shots.  The  data  analysis  program  used  to  generate  the 
graphs  also  evaluates  and  displays  the  initial  value  of  the 
observables,  the  time  at  which  rail  current  began  (start  time),  the 
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time  at  which  the  rail  current  became  undetectable  (stop  time),  the 
duration  of  current  and  the  r.m.s.  value  of  the  rail  current. 

An  overlay  of  rail  current  and  breech  voltage  obtained  17-JAN-84 
is  shown  in  Figure  2.  The  rail  current  and  breech  voltage  traces  have 
similar  shapes  until  about  3  ms  after  triggering.  If  the  noise  in  the 
muzzle  voltage  trace  is  filtered  its  shape  is  similar  to  the  breech 
voltage.  When  the  current  ceases,  about  3.85  ms  after  triggering,  the 
muzzle  voltage  and  breech  voltage  indicate  that  the  capacitor  banks 
have  not  yet  fully  discharged.  The  slight  rise  in  voltage  after  the 
cessation  of  current  is  characteristic  of  the  electrolytic  capacitors 
used  to  construct  the  power  modules. 

Since  rail  current  is  not  present  in  the  part  of  the  rails 
connecting  the  muzzle  to  the  armature  the  muzzle  voltage  should  give 
the  best  indication  of  conditions  across  the  plasma  armature. 

Attempts  to  analyze  the  voltage  and  current  traces  to  obtain 
plasma  and  rail  properties  were  quickly  frustrated  by  the  presence  of 
"noise"  of  roughly  10  kHz  frequency  which  appeared  consistently  in  the 
muzzle  voltage  traces.  In  records  of  the  11-APR-84  shot  (Fig.  1b)  the 
"noise"  is  present  in  both  voltage  traces  during  rail  current  flew. 
During  the  21-MAR-84  shot  (Fig. la)  "noise"  appeared  in  both  voltage 
traces  after  the  current  had  ceased.  Since  the  time  resolution 
capability  of  the  system  permits  the  recording  of  significant  detailed 
structure  in  the  time  dependence  of  the  data,  this  "noise"  component  in 
the  voltage  traces  was  the  source  of  much  concern  and  speculation.  Fine 
structure  in  the  current  distribution,  periodic  instability  of  the 
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thermal  processes  at  the  rall-plasoa  interface,  cathode  spot 
oscillations,  instabilities  in  the  plasma  armature,  periodic  "blcw-by" 
of  plasma  past  the  projectile,  feedback  resonances  in  the  isolation 
amplifiers,  mechanical  resonances  in  the  rail  structure  and  balloting 
of  the  projectile  were  all  considered  as  possible  causal  mechanisms. 

Figure  3  shows  the  scale  of  the  phenomenon.  If  the  "noise" 
represents  a  real  system  effect,  positive  and  negative  voltages  of 
almost  ten  times  the  magnitude  of  the  largest  voltage  applied  to  the 
rails  are  present  at  the  breech  and  muzzle.  The  fact  that  diodes  are 
connected  across  the  electrolytic  capacitors  in  the  power  supplies  to 
prevent  reverse  voltages  increases  the  difficulty  of  understanding  the 
effect.  The  simplest  explanation  might  be  that  the  "noise"  is  an 
artifact  triggered  by  transients.  If  it  is  within  the  system  it  is  of 
fundamental  concern  and  future  experiments  should  be  designed  to 
localize  the  source.  If  the  cause  is  a  characteristic  of  the 
instrumentation  it  should  be  corrected.  In  either  case  further  analysis 
of  existing  voltage  data  should  include  ntnerical  filtering.  The  rail 
current  data  has  already  been  subjected  to  smoothing  by  the  active 
integration  that  occurs  before  it  reaches  the  recording  oscilloscope. 

V.  EEBESBttmCE  EVALUATION 

The  acceleration  of  the  projectile  in  the  AFATL  electromagnetic 
launcher  is  caused  by  the  pressure  exerted  on  its  base  by  the  plasma 
armature  due  to  the  interaction  of  the  magnetic  field  within  the 
armature,  produced  by  the  current  in  the  rails,  exerting  a  Lorentz 
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force  on  the  current  in  the  armature. 

Many  derivations  of  the  equation  for  projectile  acceleration  in 
railguns  assume  ideal  geometry  ,  neglect  friction  and  ignore  "lost" 
current.  With  these  assumptions  the  projectile  acceleration 

\2 


ax  a  X  a  <LX  /  2M)  I(tr 


(  1  ) 


where  Lx  times  the  distance  from  the  armature  to  the  breech  is 
equal  to  the  inductance  of  rail-armature-rail  system,  M  is  the 
projectile  mass.  The  subscripts  b  and  m  label  values  at  the  breech  and 
muzzle  respectively. 

If  we  assume  that  (Lx'/  2M)  does  not  vary  appreciable  during 
2 

the  shot  the  plot  of  I(t)  vs  time  has  the  same  time  dependence  as 
the  pressure  curve  of  a  conventional  gum. 

In  any  case  the  muzzle  speed  of  the  projectile  can  be  calculated 
from  the  relation 
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If  the  propulsion  parameter  (ax  /  I(tr)  *  (Lx  /  2ra)  is 
treated  as  a  constant  the  projectile  muzzle  speed 


and 
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where 


Equation  (4)  assunes  that  rail  current  present  after  the 
projectile  leaves  the  rails  (  t  >  t  )  does  not  contribute  to 
projectile  propulsion. 

If  muzzle  speed,  breech  speed,  duration  of  shot  and  time 
dependence  of  rail  current  are  recorded;  the  average  propulsion 
parameter  can  be  evaluated  experimentally  using  equation  (4)  . 

Comparison  with  the  value  predicted  using  measured  projectile  mass  M 

i 

and  apriori  estimates  of  inductive  gradient  Lx  gives  a  good 

measure  of  the  validity  of  the  assimptions  upon  which  equation  (1)  is 

based  and  provides  a  quantitative  measure  of  performance. 

Attempts  at  more  realistic  modeling  have  treated  the  armature  as 

a  magneto-fluid  including  the  forces  on  the  current  distribution  within 

the  plasma  armature  due  to  local  magnetic  fields.^  The  effects  of 

friction  and  non-ideal  plasma  geometry  have  been  considered  by 
4  <5 

Richardson.  Marshall  has  noted  that  laiowledge  of  the  current 
distribution  within  the  rails  is  essential.  Mechanisms,  such  as  plasma 
leakage  from  the  armature  past  the  projectile  ("blow-by")  or  conducting 
insulators^,  by  which  current  can  flow  from  one  rail  to  the  other 
without  passing  through  the  armature  drastically  affect  the  validity  of 
equation  (1). 


VI.  MUZZLE  FLASH 


Figure  4  illustrates  the  presence  of  a  discontinuity  in  the  time 
derivative  of  the  rail  current.  In  all  shots  to  date  this  effect  has 
occurred  0.4  to  1.1  ms  before  the  current  became  undetectable.  This 
change  could  be  accounted  for  by  a  rapid  variation  in  the  inductance  of 
the  system  caused  by  the  altered  current  distribution  that  occurs  as 
the  projectile  leaves  the  rails.  In  Figure  4  t^  is  the  time  at  which 
the  projectile  leaves  the  rails  and  t ^  is  the  time  which  the 
current  is  interrupted.  When  t>t^  the  current  become  non-propellant 

•—  - - since  after  the  projectile  leaves  the  muzzle  the  interaction  of  the 

plasma  and  projectile  is  drastically  reduced.  The  behavior  of  the 
system  undergoes  a  transition  from  conventional  rail  gun  behavior  to 
that  of  a  plasma  accelerator  ^ .  Although  the  plasma  is  still  in 
electrical  contact  with  the  rails  and  can  oonduct  appreciable  current 
it  is  no  longer  confined  by  the  projectile-sealed  barrel.  The  plasma 
expands  rapidly  into  the  region  in  front  of  the  nuzzle  causing  a  flash 
of  light  lasting  several  milliseconds.  Figure  5  (9-JUL-84)  indicates 
that  the  plasma  arrives  at  the  first  break  paper  4.7  ms  after  the 
passage  of  the  projectile  has  caused  a  loss  of  conduction.  Attributing 
the  reestablishment  of  conduction  to  the  arrival  of  the  plasma  is 
consistent  with  the  extensive  deposit  of  copper  observed  on  surfaces 
through  which  the  projectile  passes  after  leaving  the  rails.  This  was 
especially  obvious  after  the  9-JUL-84  shot  where  the  break  paper  was 
the  first  surface  beyond  the  muzzle. 

Figure  7  was  recorded  during  the  9-JUL-84  by  a  framing  camera 
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with  a  time  interval  between  frames  of  about  .29  ms.  The  camera  was 
focused  on  a  mirror  arranged  so  that,  until  the  projectile  left  the 
barrel  and  shattered  the  mirror  (the  first  3  frames)  ,  only  light 
coning  frcm  within  the  barrel  could  be  detected.  After  the  mirror  was 
destroyed  (the  next  14  frames)  the  camera's  focus  was  on  the  region 
between  the  muzzle  and  the  first  break  paper.  The  film  frames  appear  to 
be  almost  completely  saturated  by  the  muzzle  flash  which  lasted  more 
than  4  ms. 

Photo  cells  were  set  to  detect  light  emitted  at  the  muzzle 
perpendicular  to  the  direction  of  projectile  flight.  The  time  between 
the  first  detection  of  light  by  a  photo  cell  and  the  restoration  of 
break  paper  conduction  was  about  5.5  ms.  Although  the  time  of  flight  of 
the  projectile  down  the  rails  appears  to  have  been  about  2.3  ms  the 
rail  current  record  does  not  show  the  current  to  have  reduced  to  an 
undetectable  level  until  about  3.2  ms  after  the  arc  was  struck.  By  then 
the  projectile  had  already  destroyed  the  mirrors  and  penetrated  the 
first  break  paper.  The  muzzle  is  open;  thus  the  bore  in  front  of  the 
projectile  is  filled  with  air.  It  is  possible  that  the  light  detected 
coming  from  the  muzzle  could  be  emission  from  a  luminescent  shock  front 
preceding  the  projectile  or,  since  the  projectile  was  translucent  to 
visible  light,  it  could  be  coming  from  the  plasma  armature  itself. 

Both  photo  detector  records  show  a  time  during  which  the  detected  light 
signal  either  plateaus  or  decreases  slightly.  The  duration  of  this 
effect  is  0.1  ms  on  both  traces.  If  a  precursor  shock  front  exists  the 
shape  of  the  time  traces  (Figure  6)  could  be  accounted  for  by 
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Figure  5  Shot  CC8  9~JUL-84 
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attributing  the  initial  rise  in  signal  to  its  exit  from  the  bore  and 
the  subsequent  decrease  in  signal  to  the  passage  of  an  opaque  object, 
possibly  the  projectile.  The  saturation  signal  is  probably  due  to  the 
expansion  of  the  plasma  armature  beyond  the  muzzle  and  transition  to  a 
non-propellant  nuzzle  (lash. 

VII.  RAIL  DAMAGE 

thermal  rail  damage,  where  ohmic  heating  within  the  rail  simply 

evaporates  material  from  the  surface,  is  often  accompanied  or  dominated 

by  destructive  arc  phenomena  which  tend  to  appear  when  high  current 

densities  are  present  at  the  interface  between  the  rail  and  the  plasma 

armature.  In  general  the  greatest  damage  occurs  where  the  armature 

current  is  high  and  the  projectile's  speed  along  the  rails  is  low. 

These  conditions  are  most  likely  near  the  breech  where  thermal  and  aro 

effects  are  both  contributing  to  surface  erosion.  As  the  armature 

speeds  up  aro  effects  dominate  and  discrete  are  tracks  are  often 

observed.  These  tracks  are  similar  to  the  classical  damage  due  to 

8 

arcing  at  electrical  contacts. 

Damage  due  to  interactions  of  plasmas  with  fusion  reactor  walls 

q 

Includes  blistering,  mslting,  cracking  and  embrittlement.  Material 
is  removed  from  the  metal  walls  by  plasma  bombantoent  of  the  surface, 
especially  when  large  sheath  potentials  are  present.  The  sheath  between 
the  plasma  edge  and  the  metal  surfaces  plays  an  important  role  in  the 
arcing  and  sputtering  (charge  exchange  neutral)  effects  allowing 
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replenishment  of  the  plasma  through  a  series  of  processes  by  which  the 

plasma  ions  leave  the  plasma  region,  interact  with  the  surface  and 

return  to  the  plasma.  Evaporation,  sputtering  and  arcing  all  play  a 

role  but  unipolar  arcing  and  ion  (or  charge  exchange  neutral) 

sputtering  are  thought  to  be  the  major  mechanisms  for  metal  erosion  in 

fusion  plasma  experiments.10  Vapor  jets  can  also  occur  in  muny  metal 

arcs.11  These  jets  are  ejected  from  the  electrodes  of  any  discharge 

if  sufficient  energy  for  vapor  production  is  transferred  to  the  surface 

by  the  charged  particles  accelerated  by  the  anode  or  cathode  fall. 

Under  a  standardized  set  of  test  conditions  rail  materials  vary 

greatly  in  capacity  to  resist  arc  damage.  A  75J  Cu  -  251  W  sintered 

12 

rail  appears  to  show  the  least  damage  .  The  lifetime  of  these  rails 

appeared  limited  primarily  by  the  transport  of  copper  through  the 

n 

sinter  to  the  surface.  J 

Perhaps  thermal  rail  damage  could  be  reduced  by  using  of  a 
composite  "sandwich"  type  rail,  manufactured  like  our  sontomporary 
coinage,  using  a  material  with  good  high  temperature  characteristics, 
such  as  tungsten,  at  the  rail-plasma  surface  with  copper  providing  the 
remainder  of  the  rail  with  a  low  resistance  path.  Its  effect  on  the 
plasma  armature  may  require  additional  copper  at  the  tnse  of  the 
projectile  to  maintain  the  copper  plasma  as  a  suitable  oonductlve  path 
between  the  rails. 


An  extensi v*  list  of  suggestions  for  expanding  the  experimental 
capabilities  of  the  AFATL  rail  gun  was  prepared  in  oollaboraton  with  K. 
Cobb  who  has  written  an  informal  test  plan  in  which  sane  of  the 
suggestions  have  been  incorporated. 

At  present  the  demands  imposed  by  the  AFATL  rail  gun's  mission 
exceed  the  system's  capabilities.  A  facility  dedicated  to  experimental 
studies  of  an  electromagnetic  launcher  similar  to  the  AFATL  rail  gun 
would  relieve  the  present  system.  With  every  advancement  in  the 
understanding  of  the  technology  of  rail  guns  new  questions  arise. 
Answering  these  questions  will  require  major  system  modifications. 

Many  technical  issues  will  be  resolved  when  the  next  generation  of 
rail  guns  are  available  but  fUndanental  questions  will  continue  to 
remain  unanswered. 

A  re  11  gun  specifically  designed  to  oonduct  physics  experiments 
oould  permit  easy  modification  of  basic  components.  Prevision  oould  be 
made  for  state  of  art  diagnostics  *nd  for  the  development  of  new 
techniques  as  required.  Interaction  between  experimentalists  and 
theorists  le  especially  important  for  an  affective  operation  that  can 
support  an  active  AFATL  test  program  by  providing  increased 
understanding  of  the  basic  mechanisms  and  nsw  diagnostic  resources. 
Traditionally  this  kind  of  experimental  facility  functions  well  in  a 
University  environment. 
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I.  INTRODUCTION 

The  OPAQUE  program  was  a  joint  NATO  program  designed  to  make 
measurements  of  the  optical  and  Infrared  properties  of  the  atmosphere 
over  a  period  of  years  at  a  number  of  locations  in  Europe.  AFGL  was 
responsible  for  the  measurements  at  one  of  these  sites  in  Northern 
Germany.  The  reduced  data  (on  an  hourly  basis)  from  this  station 
was  put  into  one-month  data  files  for  subsequent  analysis,  and 
written  to  magnetic  tape  for  exchange  with  the  other  national  groups 
responsible  for  the  measurements  at  the  other  sites. 

The  OPAQUE  hourly-file  is  a  one-month  file  containing  31  records, 
one  for  each  day  of  the  month.  For  months  containing  less  than  31 
days,  the  extra  records  are  merely  disregraded.  Each  dally  record 
contains  an  array  dimensioned  85  x  24.  There  are  85  entries  for  each 
hour  of  the  day,  the  entries  being  derived  from  a  ten  minute  period 
during  the  hour.  The  data  entries  reported  for  each  hour  are  defined 
in  Table  1.  The  85  entries  are  initialized  as  follows: 

1.  (station  number)  71 

2.  (date)  year, month, day,  packed  into  the  six  rightmost  digits 

3.  (time)  hour  (0,1,2, ... ,23) 

4.  (duration  of  the  measurement  cycle)  10 

5-10.  (comments  and  scattering-filter-humiiity)  0 

4-30 

11-57.  (measurement  values)  -1  x  10 
58-77.  (weather  data)  -1  x  10+^® 

78-84.  (data  quality)  appropriate  number  of  9's 
85.  (rain  data)  -1  x  10+^ 

Uith  the  exceptions  of  entries  76  and  85,  entries  58  through  85  are 
not  recorded  by  the  measurement  system  data  logger. 


The  processing  of  aeasureaent  values  ere  of  severs!  types: 

1.  The  AEG  Point  Vis.  Meter,  Eltro,  Horizontal  Luxaeter,  Night  Path 
Luminance,  and  tha  east  direction  VPPM  require  the  beginning 
value,  end  value,  aaxiaia  value,  alnlma  value,  and  nuaber  of 
samples  obtained  in  tha  tan  ainute  period, 

2.  The  vertical  Luxaeter  requires  one  value  froa  each  of  the 
four  coapass  points. 

3.  The  VPFM  saaples  in  the  south,  west,  and  north  coapaas  points 
are  required  in  addition  to  tha  five  values  above  for  the  east 
direction. 

4.  The  direct  Epply  and  Barnes  instrument  require  values  entered, 
- depending  on  the  filter  being  used  for  tha  aeasureaent. 


All  data  values  are  entered  into  the  dally  arrays  except  if  the  value 
was  not  physically  present,  or  the  data  could  not  be  Interpreted,  or 
the  data  was  out  of  range,  and  then  a  distinguishable  flag  value  is 
entered  in  its  place.  Hence,  if  a  scientific  value  is  not  entered 
for  one  of  these  reasons,  one  of  the  following  values  will  be  entered 
in  its  place: 

-1  x  10+3°  raw  data  for  that  tlae  does  not  axist 
4-99 

-9  x  10  raw  data  exists,  but  it  is  impossible  to 
Interpret 

+88 

+8  x  10  the  calibrated  scientific  value  is  over-range 
+88 

-8  x  10  the  calibrated  scientific  value  is  under-range. 


II . OBJECTIVES  OP  THE  RESEARCH  EFTORT 


The  validity  of  some  of  the  1400-aeter  Barnes  transalssoaeter 
data  stored  in  words  64,  65,  and  28,  29  (froa  7/1/80)  of  the  processed 
hourly  files  was  suspect  because  of  apparent  continuing  erratic 
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fluctuation*.  Th«  objective  of  the  research  effort  centers  around 
a  thorough  analysis  of  the  processed  simile-file  data  together  tilth 
station-logs  and  supplemental  information  to  determine  whether  or  not 
the  data  stored  in  the  minute-files  truly  reflects  the  scientific 
measurements  of  the  Barnes  transmlssoceter,  and  if  valid  to  further 
determine  why  this  validity  is  not  reflected  in  the  hourly-files. 

III.  OVERVIEW  OF  THE  HOURLY-FILE  GENERATING  PROCESS 

An  overview  of  the  programs  used  to  generate  and  examine  the 
hourly-files  is  shown  in  Figure  1.  The  boxes  show  the  permanent 
files  involved,  and  the  directed  lines  show  the  procedures  necessary 
to  accomplish  the  task. 

Before  values  can  be  placed  in  the  hourly-file,  it  must  be 
initialized  with  the  INERIK  procedure.  The  initial  values  have  been 
listed  previously. 

The  hourly-file  is  generated  from  the  three  stripped  data  files: 
the  Stripped  Minute  Channel  Fils,  the  Stripped  Luxmeter  File,  and 
the  Stripped  Vislab  File.  The  three  corresponding  procedures  -sed 
to  accomplish  this  are  ERIK,  LUXERIK,  and  V1SERIK.  These  procedures 
generally  depend  on  the  time  periods  of  the  data. 

Before  the  ERIK  file  generation  is  done,  it  is  necessary  to 
modify  the  Stripped  Minute  Channel  File  vith  Che  procedure  CLEANLX. 
This  is  done  to  remove  invalid  data  resulting  from  the  time  constant 
associated  with  range-changes  in  the  non-rotating  luxmeter. 

Sometimes  it  is  desirable  to  change  a  few  entries  in  the  hourly- 
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Figure  1.  Over*  11  View  of  Hourly-File  Generating  Frograa 
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flic  while  leaving  the  others  intact.  This  can  ba  accoapllohed  with 
the  REPLACE  procedure.  A  temporary  hourly-file  containing  the 
required  new  values  is. generated  exactly  as  the  hourly-file.  Values 
in  this  temporary  file  can  then  replace  corresponding  values  in  the 
hourly-file.  In  general,  one  or  acre  words  (1  to  95)  can  be  changed 
between  any  two  tines  in  the  nonth. 

The  contents  cf  the  hourly-file  can  be  exaalned  with  the  OPAMAP 
procedure.  Outputs  that  can  be  generated  Include  dally  aaps  (either 
for  individual  days  or  for  a  coaplete  nonth)  and  numerical  data  in 
various  foras. 


*- 


IV.  DESCRIPTION  OF  THE  REVISED  HOURLY  OPAQUE  DATA  BANK  FILE 

The  instrumentation  for  the  ataospherlc  optical  measurements 
at  the  Neppen  OPAQUE  site  was  changed  significantly  in  the  Fall, 
1980.  The  reconfiguration  of  the  instruaenta  and  the  additional 
aeasurements  added  to  the  data  set  required  a  redefinition  of  the 
contents  of  the  data  words  in  the  post-OPAQUE  data  bank  files. 
These  changes  are  reflected  in  Table  1.  Format  of  the  Revised 
Hourly  OPAQUE  Data  Bank  File. 

V.  REPROCESSING  TO  INCLUDE  THE  CORRECTED  BARNES  1400  METER  INSTRUMENT 

An  intensive  investigation  was  launched  in  May  and  June  of 
1984  to  ascertain  the  validity  of  ths  1400  aetcr  Barnes  instrument 
data  stored  in  hourly-file  data-words  64,65,28,  and  29. 
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The  investigation  showed  that  both  the  sparsity  of  data  in  these 


date-words,  and  the  seeming  inconsistency  of  the  data  were  a  result 
of  a  software  problem  in  reading  the  1400  meter  Barnes  filter-wheel 
position.  Improvements  were  made  in  the  software,  and  results  were 
verified  by  comparison  with  station  log  entries.  Reprocessing  of 
the  data  was  undertaken  and  completed  prior  to  the  end  of  July,  1984. 
The  "corrections"  were  handled  as  "replacements"  to  the  already 
existing  hourly  files  which  had  b*en  produced  by  (or  for)  A.F.G.L.  and 
subsequently  further  processed  at  A.F.C.L.  The  following  minute- 
data  was  Incorporated  in  the  hourly-files: 

Word  Description 

64  Beginning  April,  1978,  1400  mater  Barnes 

3-5  micron  filter  (position  1)  Analog  Chan.  22 

65  Beginning  April,  1978,  1400  meter  Barnes 

8-12  micron  filter  (position  3)  Analog  Chan.  22 

• 

28  Beginning  July,  1980,  1400  meter  Barnes 

8-13  micron  filter  (position  2)  Analog  Chan.  22 

29  Beginning  July,  1980,  1400  meter  Barnes 

4  micron  or  open  (positon  0)  Analog  Chan.  22 

VI.  DIRECTORY  OF  HOURLY-FILES  BEFORE  REPLACPTRTS 


The  hourly-files  to  which  "replacements"  have  been  made  were 
taken  from  magnetic  tapes  Issued,  cataloged,  and  housed  at  the  A.F.C.L. 
Computer  Center,  as  well  as  hourly-files  already  on  the  AFGL  computer 
system  as  permanent  file*.  The  folic*  tg  tape  directory  documents 


Ch«  replacement  process 


*>  * 


B 


k 


JAM 

FEB 

MAX 

APR 

MAY 

JON 

JUl 

ADC 

SEP 

OCT 

NOV 

DEC 

1977 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

1978 

• 

a 

a 

1784 

1784 

1784 

1784 

1784 

1784 

1784 

1784 

b 

1979 

b 

b 

b 

b 

b 

b 

b 

b 

b 

b 

b 

b 

1980 

b 

b 

% 

4894 

4894 

4894 

4894  4894 

4894 

4894 

c 

c 

1981 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

1982 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

1983 

c 

c 

c 

Notes:  s  -  Replaceaent  not  sppllcabl*  because  1400a  Semes 
aessurmencs  began  April,  1978. 

b  -  Replaces enes  were  sad*  to  hourly-file*  already  on  the 
AFGL  Cyber  coaputer  systea  as  permanent  files. 

c  -  Replacement  process  was  not  used.  New  hourly-files 
were  generated. 

VII.  DIRECTORY  OF  HOURLY-FILES  AFTER  "REPLACEMENTS" 


JAN 

FEB 

MAR 

APR 

MAY 

JUN 

JUL 

AX 

SEP 

OCT 

NOV 

DEC 

1977 

2460 

2460 

2460 

2460 

2460 

2460 

2460 

2460 

2460 

2460 

2460 

2460 

1978 

1784 

1784 

1784 

4822 

4822 

4822 

4822 

4822 

4822 

4822 

4822 

4822 

1979 

4822 

4822 

4822 

4822 

4822 

4822 

4822 

4822 

4822 

4822 

4822 

4822 

1980 

4822 

4822 

4822 

4876 

4876 

4876 

4876 

4876  4876 

4876 

4876 

4876 

1981 

4876 

4876 

4876 

4876 

4876 

4876 

4876 

4876  4876 

4876 

4876 

4876 

1982 

4876 

4876 

4876 

4876 

4876 

4876 

4876 

4876  4876 

4876 

4876 

4876 

1983 

4876 

4876 

4876 

Notes:  Hourly-files  stored  on  taps  CC4876  do  not  contain  MET  data. 
Backup  tapes  of  the  hourly-files  were  sad*  as  follows: 
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v  *<•.*  •.**• 

»  '  a  ■  •  *  •  •  a  ■ 


NOS /BE  TAPE  NOS/BE  BACKUP  NOS  BACKUP 

CC4822  CC4825  CC4946 

CC4876  *  CC4825  non* 


fill.  INCIDENTAL  MAGNETIC  TAPES  GENERATED 


CC48’" 

CC4839 

CC4875 

CC4899 

PAT401 


NOS/BE  Backup  of  Honohan’s  System  of  1983 

'/»£  Backup  of  Pact  dally,  Sumner  1984 

NOSBE  (continuation  of  CC4839) 

-NOS-  Sources,  NOS-compllatlons,  and  procedures 

-NOS-  (Base  as  CC4899) 


IX.  RECOMMENDATIONS 


1.  It  Is  recommended  that  further  processing  of  the  hourly-files 
begin  at  once  to  exploit  the  large  OPAQUE  data  base.  Additional 
softvsre  should  be  created  as  soon  as  possible  to  automats  the  review 
of  the  instrument  data  contained  therein  with  the  view  toward  the 
development  of  an  authentic  atmospheric  model. 

2.  It  is  strongly  recommended  that  the  procedures  used  under 
operating  system  NOS/BE  be  updated  to  run  under  the  more  modern 

NOS  operating  system  currently  being  Installed  on  the  CYBER  computer 
at  A.P.G.L. 
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Table  1.  Hourly-File  Word  Allocation 


Hord  Mo. 

Oat*  I ten  1 

1 

Station  No. 

.71  i 

2 

Date  -  Tsar .Month, Day  § 

3 

Tine 

1 

4 

Duration  of  Measurement  I 

cycle 

eio  1 

S 

Convent  Musters 

6 

Comment  Ifunte.'S 

7 

Comment  Hunters 

8 

Convent  Hunters 

9 

Convent  Ruaters 

*  10 

Scattering  i  100  ♦  filter 

*  10  ♦  Huvldlty 

11 

AEG  Point 

12 

$$  flH 

Visibility  Mater 

13 

Sf  MAX 

» 

14 

S#  MIN 

Humber  of 

IS 

MV 

Maaauraaentt  •  i 

.  16 

C  BCG 

17 

Sf  FIN 

Eltro 

18 

£_  MW 

Trananiaaometer 

19 

l  MIN 

20 

NV 

21 

CL  BEG 

22 

cL  ri> 

Rorlsontal 

23 

Et  MM 

LiuoMter 

24 

C.  MIN 

■ 

25 

MV 

28 

t!  jScrtN) 

Vertical 

Luasetar 

Off  after 

27 

t\  (East) 

6/30/ao 

n 

29 

®15»2  Barnes 

(«ff .  7/ 1/M) 

*15-4 

8-13  ■ 

(1500  a) 

Open 
(1500  m) 

30 

S. 

»» 

31 

S 

fin 

• 

• 

32 

l» 

mu 

Right  Path 

33 

Lp 

MIJV 

LukImoc* 

34 

RY 

3S 

% 

BEG 

Variable  Path 

Function  Meter 

30 

% 

FIR 

- 

37 

A2 

“TOT* 

KG,  l  aeter 

38 

42 

FIR  . 

(eff.  11/1/60) 

39 

48 

BCG 

4E8,  B  we  ter 

40 

48 

FIR 

(eff.  31/1/SC) 

41 

418 

BCG 

4CG,  16  aeter 

42 

416 

FIR 

(eff.  11/1/80) 

43 

448 

BCG 

4C6,  48  aeter 

44 

448 

FIR 

(eff.  M/1/80) 

45 

480 

BCG 

4E6,  BO  aeter 

48 

480 

FIR 

a? 

480 

HU  (10* ) 

(eff.  11/1/CO) 

48 

480 

MIR  (10*1 

49 

SEt 

BEG 

Slant  ELTRO 

50 

S«L 

FIR 

51 

'El 

HU  (10’) 

(eff.  11/1/M) 

SCI 

MIR  (lO’l 

V 

<■ 


1 12—1 3  | 

i, 

V 

4 


A  . 

.>  . 


A «%  «V  «V'»  »  »"*  •  .vV*VVtV  uV  4 


S3 

T1 

3-5 mb  BEG 

54 

T2 

8-1 ?ub  Barnes 

• 

Transaissoaeter 

(500b) 

55 

T3  • 

8-1 3 mb 

56 

T*  . 

Open  or  4pa 

57 

T8 

3-5b  FIN 

58 

X 

59 

A 

60 

B 

Aerosol  Data 

6i 

C 

62 

0 

63 

E 

‘ 

Transaisslometer 

(1500b*) 

8-1?y»  (1500) 


66 

67 

H 

I 

Turbulence  Data 

'SB 

N 

Cloud  Cover 

69 

dd 

Wind  Direction  at  10  a 

70 

ff 

Hind  Speed  at  10  a 

71 

# 

'VI 

Hind  Direction  at  2  a 

72 

Hind  Speed  at  *2  a 

73  • 

P&P* 

Pressure 

74 

•  m 

Temperature 

75 

rPr*  d 

Dew  Point  Temperature 

76 

Rain  Rate 

77 

E 

General  Ground  State 

78 

QQQO 

Packed  ml  Data  i 

79  • 

QQQQ 

Packed  Eltro  Data 

80 

QQQQQQQQ 

Packed  Luxaeter 

81 

QQQQ 

Packed  Night  Path 

82 

QQQQQQQ 

•  Packed  Vis  Lab 

83 

QCOQQQQQQQ 

Packed  Eppley  Data 

84 

QQQQQ 

Picked  Barnes  Data 

85 

Total  Rain 
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REPRODUCIBILITY  OP  TRAVELING  WAVE  TUBES 

by 

Jams  D.  Patterson 

ABSTRACT 

Tha  question  of  characterizing  permanent  periodic  magnets  (PPM) ,  so 
that  they  will  be  relatively  uniform  and  produce  consistently 
satisfactory  fields  from  traveling  wave  tube  (TUT)  to  TUT  is 
investigated.  Two  parts  of  this  large  problem  were  considered.  First, 
the  results  of  the  investigation  led  to  a  short  summary  and  list  of 
references  for  magnet  properties  relevant  to  TUTs.  Second,  a 
calculation  of  field  strengths  from  nor -homogeneous  ring  magnets  was 
made.  The  purpose  of  the  calculation  was  to  gain  insight  into  the 
effect  of  Inhomogeneities  on  measured  field  strengths  at  appropriate 
locations  just  outside  the  magnets.  It  is  suggested  that  a  quantitive 
study  of  how  the  pole  pieces  modulate  the  inhomogeneities  would  be  very 
useful. 
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I.  INTRODPCTIOH 


Traveling  wave  cubes  (TWTs)  are  used  ae  high  gain  amplifier*  over  a 
broad  frequency  at  microwave  frequencies.  This  device  utilizes  the 
interaction  of  an  electron  beam  with  an  electromagnetic  wave . * 

The  TVT  was  invented  by  Dr.  R.  Kompfner  in  1943.  Further  development  of 

this  concept  soon  followed.  In  1953*  Fierce  made  a  major  advance  with  the 

invention  of  periodic  permanent  magnet  focusing,  to  control  the  electron  beam 

2 

whereby  a  major  reduction  in  weight  was  achieved. 

TWTs  have  found  wide  application  in  communications  (including  satellite 
communication),  radar  and  electronic  countermeasures.  The  design  of  TWTs  is 
continually  being  optimized  but  the  transition  from  optimum  design  to 
production  is  still  not  without  problems.^ 

4 

Starting  from  fundamental  work  of  Strnat,  Becker,  and  others  in  1966  , 
the  very  powerful  samarium  cobalt  magnets  have  been  developed.  Because  of 
their  high  coerdvlty,  saturation  magnetization  and  energy  product  they  have 
been  .ideal  magnets  to  use  in  TWTs.  This  report  focuses  on  magnetic  materials 
as  related  to  TWTs. 

II.  OBJECTIVES 


The  objective  of  this  report  is  to  make  recommendations  for  producing 
the  focusing  magnets  in  TWTs  so  that  the  TWTs  will  behave  properly  with  only 
minimal  adjustments  in  the  magnetic  fields.  The  emphasis  is  on  better  ways  of 
characterizing  magnets  so  that  the  necessary  uniformity  can  be  built  in 
without  costly  "shimming"  of  the  magnets. 

This  is  a  relatively  old  problem  and  it  has  several  aspects.  One  aspect 
concerns  the  material  propertien  of  magnets  made  and  tested  in  a  scientific 
leboratory  verzua  those  made  commercially.  It  is  probably  easier  to  control 
the  quality  of  a  small  batch  of  customised  magnets  than  a  large  batch  of  mass 
produced  ones.  Several  questions  arise.  Is  each  magnet  homogeneous?  Are 
there  significant  differences  from  magnet  to  magnet?  When  the  ring  magnets 
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are  cut  in  half  in  order  to  place  ou  the  tube  do  significant  perturbations 
reaain  after  they  are  reassembled? 

A  related  aspect  is  the  stability  of  the  magnets.  Given  a  desired  set 
of  properties,  can  we  be  sure  they  will  stay  that  way?  Will  these  properties 
change  while  the  magnets  wait  on  the  shelf?  Will  they  change  after  the 
magnet  la  subjected  to  ambient  working  conditions?  Here  we  might  be 
concerned  with  temperature  cycling  aa  well  as  high  temperatures.  We  also 
might  be  concerned  with  chemical  changes  and  surface  contamination.  Although 
it  is  outside  the  scope  of  this  report,  electron  beam  control  is  also 
significantly  affected  by  changes  in  cathode  emission. 

Another  aspect  is  the  effect  of  the  pole  pieces.  Is  it  true  that  as 
long  as  the  pole's  pieces  are  not  saturated,  they  tend  to  smooth  out 
Inhomogeneities  in  the  magnets?^  One  might  also  wonder  about  optimizing  the 
design  of  the  pole  pieces.** 

Aa  suggested  by  the  above,  at  least  two  approaches  can  be  considered. 
One  approach  is  to  look  for  magnets  which  are  more  uniform  and  stable.  The 
other  approach  is  to  look  for  modifications  in  the  design  of  traveling  wave 
tubes  which  will  make  the  TWTs  more  tolerant  to  deviations  in  magnetic 
properties. 

The  formor  approach  will  be  emphasized  in  thic  report.  In  particular, 
the  report  will: 

a.  Review  the  properties  of  some  magnets  which  are  being 
considered  in  the  laboratory  as  well  as  those  which  are  commercially 
available.  Samarium  cobalt  magnets  will  be  given  special  attention. 

b.  Discuss  a  preliminary  calculation  that  helps  give  a  feeling  for 
how  variations  in  properties  of  the  ring  magnets  will  result  in  variations  in 
the  external  fields  they  produce. 

III.  TRAVELING  WAVE  TUBES 


The  TVT  makes  use  of  a  fast  moving  electron  confined  along  the  axis  of  a 

helical  coll  which  carries  an  electromagnetic  wave.  The  apparatus  Is 
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adjusted  so  Ch«  electron  bem  and  eh*  electronagneelc  wave  travel  at  almost 
Che  ease  epeed  (both  measured  in  terse  of  net  axle1,  motion  along  the  helix). 
The  electromagnetic  wave  acts  to  bunch  the  electrons  and  the  bunches  of 
electrons  in  turn  act  to  amplify  the  electromagnetic  wave.  According  to  J. 
R.  Pierce you  can  think  of  the  situation  as  analogous  to  a  breexe  blowing 
over  water  end  amplifying  the  waves  on  it. 

In  order  for  the  TWT  to  work  properly,  the  electron  beam  needs  to  be 
constrained  near  the  axis  of  the  helix.  Nowaday*,  periodic  permanent  magnets 
(PPMs)  are  used  for  this  purpose  because  they  are  small,  lightweight,  don't 
need  electrical  power  and  have  little  or  no  stray  magnetic  fields  for  the 
geometries  currently  employed. 

The  PPM  structure  is  4  collection  of  ring  magnets  separated  by  magnetic 
shims.  The  shims,  also  called  magnetic  pole  pieces ,~  should  have  high 
permeability.  A  typical  structure  is  schematically  shown  in  the  Fig.  1.  The 
parameters  defining  the  TWT  are  not  all  Independent.  Some  idea  of  their 
interconnectedness  can  be  learned  from  the  two  equation*  below. 

A  magnetically  shielded  cathode  is  assumed.  If  L  is  the  period  of  the 

magnetic  field,  ¥  the  beam  voltage  and  B  is  the  maximum  value  of  the  magnetic 

a 

field,  than  it  can  be  shown  that 


(1) 


for  stable  focussing  where  is  an  appropriate  conatant. 


The  diameter  of  the  electron  beam  verlee  along  the  beam. 

ft 

called  scalloping.  For  fixed  L  the  effect  la  reduced  if 


Ca  gL 

yT7 


The  effect  is 


(2) 


where  Cj  is  s  constant,  1  Is  the  beam  current,  V  the  beam  voltage  snd  r  is 
the  average  radius  vf  the  electron  beam.  A  detailed  and  analytical 
discussion  of  TVTs  Is  given  la  the  book  by  Glttlna9. 
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IV.  KATE&IAL  PROPERTIES  OF  PERIODIC  PERMANENT  MAGNETS 


Because  of  their  large  coercivity,  saturation  magnetization,  energy 
product  ^ad  relative  stability ,  samarium  cobalt  magnets  are  being  used  for 
electron  beam  focusing  in  TVTs.^  ^  SmCo^  is  presently  the  most  used,  but 
other  chemical  compositions  such  as  Sm^Co^  are  being  considered. 

14 

The  steps  for  making  the  samarium  cobalt  magnets  include  : 

1.  Grinding  the  alloy  into  a  powder.  In  order  to  prevent 
oxidation,  this  will  probably  be  d”ne  in  an  inert  atmosphere. 

2.  The  powder  is  pressed  and  compacted  and  the  magnetization  of 
the  particles  is  oriented  by  a  strong  magnetic  field. 

3.  The  material  is  then  sintered  and  it  may  be  annealed. 

14 

A  study  of  these  magnets  has  yislded  the  following  comments. 

1.  The  magnitude  of  the  magnetic  field  applied  to  orient  the  particles, 
described  above,  has  an  Important  affect  on  the  coercive  force. 

2.  The  coercive  force  also  depends  on  the  particle  size. 

3.  The  coercivity  dep»2ds  on  the  nature  of  the  surface  and  it  increases 
when  damaged  layers  arc  removed. 

4.  The  coercivity  also  is  strongly  affected  by  the  annealing 
temperature.  Heating  in  air  may  also  affect  ths  coercivity. 

Although  values  differ,  depending  on  the  method  of  preparation  and  on 


When  va  stare  to  think  about  now  materials  for  TWT  PPM  magnets  wa  need 

13  16 

to  consider  the  properties  which  are  most  desirable.  These  Include  * 

1.  Largs  remanence 

2.  High  coerclvs  fores 

3.  Large  energy  product 

4.  Low  at  (temperature  coefficient) 

5.  Good  stability  at  high  temperature 

6.  Small  aging  effects 

One  way  to  classify  the  rare  earth  permanent  magnets  is  by  the 

mechanisms  that  govern  their  magnetization  versus  field  characteristics. 17 

Their  high  coercivlty  is,  in  the  end.  strongly  influenced  by  their  large 

crystalline  anlstropy.  In  samarium  cobalt  "1-5”  materials,  apparently  the 

dominant  mechanism  for  magnetization  changing  with  field  is  the  nucleatlon  of 

reverse  domains  while  in  the  "2-17"  materials  it  appears  to  be  the  motion  of 

domain  wells.  Pine  grain  structures  should  make  "1-3"  materials  have  larger 

coercivlty  because  it  would  be  necessery  to  sncleete  valla  in  several  grains 

to  have  an  appreciable  effect.  Various  techniques,  such  as  precipitation 

hardening,  for  pinning  the  walls  should  be  most  effective  for  "2-17" 

materials.  It  is  possible  to  distinguish  bstween  these  two  cases  by  the 

shape  of  the  virgin  curve. The  nucleatlon  mechanism  shows  a  much  steeper 

increase  of  magnetization  with  field  near  the  origin.  It  should  be 

mentioned,  however,  that  some  actual  samarium  cobalt  magnets  have  become  too 

19 

complicated  to  easily  fit  this  classification.  The  reasons  for  high 
coercive  force  ere  many  and  various  and  a  complete  theory  will  not  be  soon  in 
coming. 

Sintered  SmCo^  magnets  are  still  the  most  common  commercial  rare  earth 

permanent  magnets,  but  Sm.CO,,  type  permanent  magnets  are  also  showing 
16  *  if 

promise.  They  show  smaller  coerelvltles  bet  larger  energy  products  than 

SmCOj  (over  30  MGOe  has  been  reported  for  Sm^Co^  type  magnets).  Temperature' 

compensation  has  been  achieved  through  alloying  with  heavy  rare  earths.  This 

reducss  the  temperature  coefficient  o(  .  Alloying  with  Cr  or  Mb  has  been 

20 

found  to  increase  the  coercivlty  .  Temperature  compensated  high-coerclvlty 
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"2-17"  magnets  have  bean  discussed  by  Strnat  at  al1®.  IC  should  b*  also 

19 

mentioned  chat  eha  magnets  now  may  contain  phases  of  both  "1-5"  and  "2-17n  , 

ao  a  classification  into  one  or  the  other  la  not  always  useful. 

Two  other  rather  nebulous  topics  need  to  be  mentioned.  One  Is  the 

affect  of  aging  and  the  other  is  the  effect  of  structure.  It  has  been 

strongly  recommended  by  Strnat^  that  the  relationship  between 
21 

microstructure  *nd  magnetic  hardness  continue  to  be  studied.  In  some 

cases,  large  changes  in  magnetic  properties  have  been  reported  without  a 

19 

corresponding  observable  change  in  microstructure. 


There  have  been  several  aging  studies  22~26.  Adler  and  Marick2®  feel 

SmCo.  la  adequately  stable  below  150*C  but  not  above  250*C.  They  feel 
-*  25 

Sm.CO  _  la  more  stable.  Das  et  al  relate  the  stability  to  several  factors 
in 

Including  the  asiounc  of  Sm^CO^  that  is  present.  Ervens  feels  that  some 

Sm.CO. _  type  alloys  have  a  coerclvlty  that  competes  with  SmCo.  and  that  they 
in  3  23 

exceed  SmCo^  in  other  ways  including  long  term  stability.  Hong-Zu  at  al 

feels  chat  the  question  of  aging  Involves  many  different  processes  dependent 

22 

on  temperature.  Strnat  and  Luo  find  significant  initial  flux  decreases  In 
SmCoj  at  120*C  but  then  the  magnets  seem  to  be  relatively  stable. 

One  must  keep  in  mind  that  the  kinds  of  magnets  available  in  the 

27 

laboratory  will  not  necessarily  also  be  available  commercially.  Mlldrum  et 

al  have  summarized  the  properties  of  sintered  rare  earth-cobalt  permanent 

magnets  which  are  available  commercially.  An  earlier  summary  of  the 

properties  of  commercially  available  SmCo.  magnets  has  been  given  In  a  review 
10  3 

of  Strnat  Some  typical  numbers  for  commercial  magnets  from  a  review  by 
Polk28  follow. 
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Intrinsic  Coerclvity  (kOe)  (BH)nsx  (MCOe) 

Sm  COj  16  18 

*n°y* 

with  (e.g.  Cu,  Fs)  7  22 

Two  phase  nicroatructure 

with  *1-5"  «nd  "2-17"  13.3  ~  30 
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Nmr  typ«»  of  Mgnftts  tr«  also  being  considered  •  asong  then  the 
"Vi**  type.  This  magnet  seams  to  hold  promise  for. an  energy  product  of  43 
HGOe  but  at  the  expense  of  a  Curls  temperature  of  about  S85*K  versus  over 
1000*K  for  SaCoy  Of  course,  work  proceeds  to  try  to  improve  the  high 
temperature  properties.  Other  work  on  amorphous  materials  has  produced 
sis  sable  coerclvttles  by  annealing  amorphous  materials*'  . 

I.  1ES0LTS 

It  was  decided  that  the  general  problem  of  producing  traveling  wave 
tubes  with  consistently  satisfactory  fields  from  tube  to  tube  needed  to  be 
broken  down  Into  several  problems.  The  general  problem  Involves  at  least: 

(1)  Studying  non  uniformities  is  the  magnetic  fields  of  available  magnets. 

(2)  Studying  the  effects  of  the  pole  pieces  and  seeing  how  they  control 
variations  from  ideal  field  behavior  la  the  region  of  the  electron  beam.  (3) 
Calculating  the  trajectory  of  the  electron  beam  in  the  actual  near  axis 
field. 


Xm  order  to  keep  the  site  of  the  project  manageable  it  was  decided  to 
concentrate  om  (i)  above.  Bore  two  things  have  beam  done.  One  was  to 
collect  together  a  list  of  references  describing  samarium  cobalt  and  related 
magnet a  which  ere  useful  is  TVTs.  These  references  have  been  mentioned  in  IV 
above.  The  other  way  of  attacking  (1)  was  to  do  a  calculation  of  magnetic 
fields  arising  from  inhomogeneous  magnets.  The  calculation  was  suggested  by 
measurements  which  have  been  used  to  try  to  define  the  inhomogenelty  of  the 
magnet. 
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The  geometry  of  the  ring  magnets  la  defined  by  fig.  2.  Mo  calculated 
Cha  three  components  of  tha  field  Hf,  aa  a  function  of  •  for  r  "  (00  • 

ID) /2  and  s  small ,  l.a.  near  tha  flat  surface  of  tha  magnet.  Rotation: 
Inner  diameter  -  ID  and  the  outer  diameter  “  00. 


Me  assume  the  magnetisation  of  the  ring  cam  be  approximated  bp  a  uniform 
magnetisation  which  la  perpendicular  to  tha  flat  eurface  and  parallel  to  the 
axia  of  the  ring.  Me  also  assume  that  me  have  a  magnet  like  samarium  cobalt 
for  which  tha  demagnetisation  field  la  never  emfficlentlp  strong  to  reduce 
Its  magnetisation  a  significant  amount. 


It  la  well  known  that  for  purposes  of  calculating  the  field  we  can 
replace  the  uniform  magnet iiatloe  with  surface  pole  densities  determined  bp 
the  discontinuity  la  the  magnetisation,  la  order  to  be  able  to  treat  the 
caaa  of  inhomoganaltlaa  we  replace  tha  surface  pole  dene It  lee  with  a  discrete 
set  of  "her"  magnets  with  north  and  south  poles.  Mo  would  then  varp  tha 
strength  of  the  poles  from  "bar"  magnet  to  "bar**  magnet  to  modal  tha 
inhomogeneltleo. 

Tha  "bar"  magnets  warm  err  an  god  malformlp  on  a  square  grid  and  their 
number  increased  until .  to  plotting  accuracy,  and  »#  did  net  warp 

slgnlf leant ly  with  9. 


For  "north"  poles  with  pole  strength  flj  at  (X^,  0)  aad  "south'* 

poles  st(X1.  Yj.  -•)  where  (ID/2)2*  X^  ♦  (CD/2)2,  the  fields  aft  X.  Y. 

2  are  given  bp 

a,.  t» 

*  ke, (4) 

-  *  E..,  ft.,  [f,  (n  -  ft.,  (»'«>]  SY  (If-  Y, ) 

***•  *" ft.,  [  p,  (»>  -ft„  (»»*>)(-YKY-X. )  (}) 

♦  *  E..,p..,[p.,  (»>-«.„  h*«0UCHY-X) 

where  .^.Jt 
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Ail  distances  srs  expressed  in  tens  of  (00/2)  l.e.  X  “  2x/0D  etc.  The 
coee teat  K  wee  set  eqMl  to  I  for  convenience  of  calculation,  so  only  the 
relative  sixes  of  the  fields  ere  Manlngful. 

Me  shew  two  piste  with  relative  d  lapse  ions  appropriete  to  a  real 
traveling  wave  tahe.  Flo.  3  shows  two  things.  First  is  a  imlfon  magnet 
dewiaates  sad  is  negligible  (identically  aero  for  a  perfectly  unifon 
aagnet).  A  way  of  asseeibllng  the  TUT  aagnets  is  to  cot  thea  in  half  and  then 
place  thaw  over  the  cylindrical  region  through  which  the  electron  beaa  will 
pass,  la  Che  plots  below,  we  assu we  this  process  leaves  a  gap  between  the 
half  rings  of  width  (.04)  tines  the  (9.  Gaps  of  this  also  can  cause  aore 
field  floctMtloa  thaa  slautbls  raadoa  swings  in  the  pole  strength.  We  also 
notice  that  a  gap  caa  cause  quite  a  noticeable  Mg.  This  should  not  have  a 
large  effect  an  electros  notion  dews  the  axis,  however.  In  Fig.  4,  we 
aeewned  the  two  half  rlxgs  were  pot  together  is  a  non  watching  way  ao  one  had 
a  t20X  fluctuation  is  the  anplltuda  and  the  other  had  a  ±40Z  fluctuation. 
The  Mjor  effect  la  still  the  gap  and  the  noa-negllglble  Ufl  across  the  gap. 
It  is  easy  to  nedify  the  cosputer  progran  to  handle  a  variety  of  cases.  Som 
cases  (net  shown)  of  syetenatic  variation  la  the  pole  strength  were  nodelad 
with  expected  resulting  syetenatic  variation  in  the  fields.  See  the  appendix 
for  the  conputar  progran. 

lsndonweea  in  the  pole  strength  didn’t  appear  to  be  as  effective  in 
inducing  field  fluctuation  as  night  have  been  expected.  The  grid  we  used  had 
nany  hundreds  of  points  so  the  raadoa  fluctuations  tended  to  average  out. 
Mere  eystenetlc  variations  can,  of  course,  be  important. 

vi  are  crtmnuT  ions. 

There  a  a  sue  to  be  no  clear  criterion  for  hoc  such  the  field  can  very 
without  seriously  eroding  the  perforwanca  of  the  tube.  There  ere  uany 
calculations  of  electron  trajectories  in  uhleh  som  phenomenological  or 
seal  pheeoneeo logical  assumptions  are  node  about  the  field.6,8  Whet  teens  to 
be  MSded  is  an  accurate  ateeesneat  of  bow  ouch  actual  fluctuations  in  the 
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Fig.  3.  Magnetic  fields  at  old  radlua  aa  a  function  of  0.  Straight  llnaa  ■ 
fiald  of  unifora  aagnat  without  gap.  Tha  curvaa  ahow  tha  affact  of  tha  gap. 
Hare  ID/OD  -  .55.  2Z/0D  -  .07*3,  2B/0D  -  .525  and  Cap  Kldth/OD  -  .04. 


Fig.  4.  Magnetic  flalda  at  aid  radlua  aa  a  function  of  0.  Straight  llnaa  • 

fiald  of  unifora  aagnat  without  gap.  Tha  curvaa  rapraaant  tha  affact  of  the  gap 

plua  a  randoa  1202  variation  In  pole  atrangth  for  half  of  tha  ring  on  one  alda 

of  tha  gap  and  a  1402  pole  atrangth  variation  on  the  other  aide  of  tha  gap. 

Hare  ID/OD  -  .55,  2Z/0D  -  .0743,  2B/0D  -  .525  and  tha  Cap  Vldth/OD  -  .04. 
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s  reh  magnetic  field  problem 

*  rcm  for  tmt  kino  magnets 

7  REM  HZ.HR.HTHETA 
■  REM  AS  FUNCTION  OF  THETA 

♦  ASH  FOR  SPECIFIED  Z.R 

10  INPUT  'EVEN  N  SAID  FACT OF*  - 
IN 

20  DIN  AfttN.N) 

24  m  ■  N  •  N 
24  NT  •  (N  ♦  1)  /  N 
2D  EP  ■  2  /  N 

30  INPUT  -ANGLE  FACTOR  M-  -|H 
32  PI  ■  3.141512^34 
34  DT  *  2  •  PI  /  n 
40  INPUT  "RANDOM  amplitude  for  u 
PPEA  C"  *  I AU 

45  INPUT  “RANDOM  AMPLITUDE  FOR  L 
OWES  C-  “JAL 

50  INPUT  “ ID 'OD  RATIO-  "IF 
60  FF  ■  F  •  F 

70  QQ  m  <r  ♦  1  i  /  2 _ 7  _ _ _ 

72  FRUIT  -  <IO*OD> / (TOD)-  “100 
74  INPUT  “  2R/0D  FOR  CALCULATION 
•  “IRA 

BO  INPUT  "2Z/0D-  “I A 
90  AA  -  A  *  A 

100  INPUT  “2 (WIDTH  OF  RING)/OD- 
“IB 

110  BP  •  A  ♦  I 

120  BB  •  BP  •  BP 

130  INPUT  -  GAP/OD-  “ID 

140  DP  »  NP  ♦  0 

150  DM  -  NP  -  D 

160  FOR  I  »  1  TO  N 

170  FOR  J  -  1  TO  N 

180  RR  ( I ,  J )  ■  2  •  RND  U>  -  1 

190  NEXT  J 

195  NEXT  1 

200  FOR  K  •  1  TO  M 

202  H  «  O 

206  HI  -  0 

207  H2  -  0 

208  H3  -  0 

209  H4  -  O 

210  TH  -  DT  *  K 
215  XF  -  COS  <TH) 

220  YF  -  SIN  <TH> 

225  X  •  RA  *  XF 
230  V  ■  RA  9  YF 
240  FOR  l  •  I  TO  N 

250  II  -  <1  -  <N  ♦  1)  /  2)  *  EP 

260  FOR  J  -  1  TO  N 

270  J1  -  <J  -  (N  ♦  1)  /  2)  *  EP 

280  JJ  -  J  *  EP 

285  IF  JJ  <  DM  THEN  310 


290  IF  JJ  >  -DP  THEN  310 
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310  IJ  •  II  •  II  ♦  J1  •  Ji 
320  IF  IJ  <  FF  THEN  420 
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540  AP  •  <X  -  ID  •  <X  -  Il>  ♦  < y 
-  Jtl  •  IV  -  Jl> 

542  T1  •  (AT  ♦  AA) 

344  FT  •  BOR  lTl> 

530  TA  «  Tl  •  PT 
552  T2  —  IAP  ♦  BB) 

354  QT  -  SOP  IT2) 

360  TB  •  T2  •  OT 
364  GA  •  1  /  TA 
368  GB  •  I  /  TB 
370  GP  »  GB  *  (A  •  B  > 

372  GO  •  A  •  GA 

374  GC  •  GO  -  GP 

376  TC  •  GA  -  GB 

382  IP  JJ  <  NP  GOTO  388 

_ 28A.-AW-.-  AU.- _ _ _ _ _ _ 

:  "A  GOTO  390 
3  68  AM  -  AL 

390  P  •  1  ♦  AM  *  RR(l.J) 

392  H  •  H  ♦  P  •  QC 

393  XR  •  XP  •  <X  -  ID 
395  YR  •  YF  *  (Y  -  Jl ) 

397  HP  »  XR  *  TC  •  P 
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405  XT  •  (  -  Y)  •  (X  -  It) 

407  YT  -  X  *  (Y  -  Jl) 

408  XT  -  XT  /  RA: YT  -  YT  /  RA 
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411  HW  ■  YT  #  TC  »  P 
413  H3  -  H3  ♦  HU 
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422  HR  »  <H1  ♦  H2)  /  MM 

423  HT  ■  <H3  H4>  /  MM 

425  HZ  -  H  7  MM 

427  TO  »  <180  /PI)  *  TH 

428  PRINT 

430  PRINT  “THETA-  “|T0 
440  PRINT  "HZ-  “»HZl"  HR-  "JH 
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444  TF  -  SOR  <TF> 
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449  PRINT  :  PRINT 

450  NEXT  K 
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ABSTRACT 

By  observation  and  a  task  analysis,  a  research  tea*  determined 
activities  of  Tunnel  Operators.  Instrument  Technicians,  Test/Operations 
Coordinators,  and  Project  Engineers  as  they  performed  testing  in  Wind 
Tunnel  4T.  Based  on  this  data,  recommendations  are  made  «mch  should 
improve  operations  in  the  Control  Room  of  Tunnel  4T. 
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I.  IWTgOOUCTIOW 

wind  tunnels  have  been  developed  as  aerodynamic  testing 
facilities  in  order  to  detect  flaws  and/or  errors  early  in  the  design 
sequence.  Such  a  tunnel  simulates  a  moving  object  In  the  air  by 
employing  a  fixed  precise  scile  wood  which  Is  placed  in  a  aoving  air 
streaa  of  known  characteristics.  Various  aeasures  are  taken  froa  the 
■odd  as  well  as  froa  the  tunnel  itself.  This  information  is 
displayed  in  a  control  rooa  where  the  entire  operation  of  the  tunnel 
is  aonitored  and  controlled. 

As  technology  has  evolved,  new  devices  have  become  available, 
froa  tine  to  tiae  such  devices  nave  been  added  for  tunnel  operation, 
and  Information  frua  thea  displayed  In  the  control  rooa.  However, 
there  has  been  no  systematic  examination  of  what  information  operators 
need  to  operate  a  tunnel  or  what  form  that  information  appropriately 
should  take.  Displays  have  been  added  on  a  piecemeal  basis. 

In  recent  years,  costs  of  electrical  power  to  operate  a  tunnel 
have  been  increasing  until  today  power  costs  for  a  given  test  can 
easily  exceed  personnel  costs.  For  this  reason,  there  is  a  need  to 
minimize  the  time  needed  for  a  human  to  make  decisions  about  operation 
of  a  tunnel  or  about  data  being  obtained  from  a  model.  This  suggested 
the  desirability  of  systematically  examining  the  activities  of 
personnel  In  the  control  room.  In  consultation  with  personnel  at 
Arnold  Engineering  Development  Center  (AEDC),  Tunnel  4T  was  selected 
for  this  study,  as  this  tunnel  was  scheduled  for  use  throughout  the 
summer.  By  studying  Tunnel  4T  operations,  procedures  could  be 
developed  which  could  be  used  to  study  other  test  facilities. 

II.  OBJECTIVES  OF  THE  RESEARCH  REPORT: 

This  research  effort  involved  a  tear  composed  of  Drs.  Gregory  M. 
Corso  and  M.  Carr  Payne,  Jr.,  and  Mr.  Michael  J.  Patterson,  a  graduate 
student  on  the  SCEEE  program.  The  objective  was  to  carry  out  a  task 
analysis  of  what  operators  do  who  work  with  Propulsion  Wind  Tunnel  4T. 
This  analysis  Includes  the  nature  of  information  reeded  to  perform 
each  task  In  tunnel  operations.  From  this  analysis  recommendations 
can  be  made  about  displaying  this  information. 
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ill.  qescwiptiow  of  y;no  tuhmcl  4T»: 

T’urtre)  4T  is  in  aerodynamic  wind  tunnel  for  transonic  studies, 

stwd’es  >n  nfticn  airflow  velocity  can  be  maintained  at  values  up 
to  1.3  times  the  speed  of  sound  (Mach  1).  Tne  turret  constitutes  a 
c!osed  loop  in  which  air  continuously  flows.  Airflow  is  supplied  by 
?'encm  Evacuation  System  (PtS)  compressors  «nicn  are  also  part  of  the 
Systems  of  tK  other  continuous  propulsion  wind  tunnels,  16T  end  16S. 
8y  cosip'-essing  4ir,  th*s  ,ySte*  provides  parallel  streamlines  with  a 
-niforw  voice ity  profile  at  the  entry  to  the  tunnel's  test  section.  A 
:os'r?d  *ac"  nuflfter  of  the  airflow  is  produced  by  regulating  the  PE S 
-presiors  and  controlling  the  pressure  ratio  across  the  "OZZle  of 
t^e  tunnel.  Tunnel  4T  can  be  operated  over  a  Mach  number  range  from 
0.20  to  1.30.  By  installing  two  removable  supersonic  nozzles  nominal 
Mach  numbers  of  1.60  and  2.00  can  also  be  obtained. 

After  passing  through  the  nozzle,  airflow  passes  through  the  test 
section,  a  rectangular  volume  4  feet  square  in  cross  section  and  12.5 
feet  long.  This  section  is  equipped  with  four  porous  walls,  with 
porosity  continuously  variable  from  0.0  to  10. C  percent  open.  Top  and 
bottom  walls  can  be  diverged  £  )  degree  from  parallel,  but  side  walls 
are  fixed.  The  entire  chamber  is  enclosed  by  a  plenum  chamber  which 
allows  part  of  the  main  tunnel  airflow  to  be  removed  through  the  test 
section  walls  to  alleviate  Interference  and  generate  *v  when  the 
tunnel  Is  operated  above  Mach  1.0.  This  system  produced  airflow  at 
control lable,  known  Mach  numbers,  known  stagnation  pressure  and 
dynamic  pressure,  and  stagnation  temperatures  from  90  to  135  degrees 
Fahrenheit  (usually  100  degrees  Fahrenheit).  The  corresponding 
Reynolds  number  of  the  airflow  can  be  Inferred  from  the  combination  of 
Mach  number  and  pressure. 

A  scale  model  is  placed  In  the  test  section  where  the  airflow  can 
pass  over  It.  The  model  is  small  enough  that  it  blocks  less  than  IX 
of  the  airflow  when  testing  in  the  transonic  range.  It  Is  usually 
mounted  on  a  slender  support  referred  to  as  a  sting.  The  sting  In  turn 
is  mounted  to  a  movable  boom.  By  this  system,  pitch  and/or  roll  of 
the  model  may  be  changed  either  continuously  or  discretely  during  a 

♦For  a  more  detailed  description,  see  Reference  1. 
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test.  Strain-gag*  balances  are  Installed  in  the  Model  to  Measure 
static  aerodynaelc  forces  and  MOMents  acting  on  the  model.  Balances 
to  measure  dynamic  aerodynamic  forces  may  also  be  used. 

IV.  TYPES  OF  TESTS  COHOUCTEO  IH  TUNNEL  4T: 

Appro* Imately  1300  air-on  hours  of  testing  are  conducted  in  4T 
each  year.  It  is  probably  the  busiest  Mind  tunnel  in  the  «orld. 
Although  each  test  carried  out  in  the  tunnel  is  unique  in  that  a 
particular  model  conf iguration  and  set  of  conditions  are  utilized, 
tests  may  be  grouped  into  several  types.  Each  of  these  types  of  test 
utilizes  different  information  from  the  model  and/or  attachments, 
necessitating  different  instrumentat ion  ccnf igurations  In  the  control 
room.  Each  test  Is  carried  out  under  specified  Mach  number  and 
pressure  conditions.  Control  of  these  Mom  parameters  is  similar 
among  different  types  of  test. 

Captive  Trajectory  Systems  CTS1  -  An  object  attached  to  an  aircraft  Is 
erred  to  as  a  store.  In  CTS  tests  the  aircraft  and  store  models 
are  mounted  upside  down  in  the  tunnel.  Each  model  is  mounted  on  Its 
own  sting.  CTS  tests  measure  the  aerodynamic  characteristics  of  a 
store  in  various  positions,  either  attached  to  the  model  or  as  it  is 
separated  from  the  model.  Positions  are  computer-controlled  with  six 
degrees  of  freedom.  A  large  amount  of  data  is  collected  about  store 
loads  and  motions  in  a  short  time  period,  as  data  1~>  taken  at  closely- 
spaced  points  In  a  simulated  trajectory.  In  the  past  year, 
approximately  60%  of  the  work  carried  out  in  Tunnel  41  was  CTS 
testing. 

Free  Prop  Testinq- 

Some  problems  of  store  separation  require  greater  flexibility  in  pitch 
and  yaw  motions  than  can  be  obtained  with  CTS  test  techniques.  For 
these  problems  Free  Orop  Testing  may  be  used.  The  store  is  attached  to 
the  model.  When  the  desired  conditions  of  the  airflow  are  reached, 
the  store  Is  dropped  from  the  model.  It  is  photographed  as  it  drops. 
Trajectory  position  data  are  obtained  by  analyzing  these  photographs. 
Approximately  5%  of  the  work  in  Tunnel  4T  in  the  last  year  was  Free 
Orop  Testing. 
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Forte  T»st  inq  - 

F orr #  irw  pressure  characteristics  of  aerodynamic  Models  can  be 
:Dta*n«d  oy  Mounting  t*e  Model  on  a  sting  within  the  tunnel.  Because 
if  tne  wide  variety  of  stings  and  balances  available.  Tunrvpl  4T  is 
part'cular'y  suited  for  this  test.  Data  is  taken  from  different 
positions  of  model  pitch  and  roll  under  varying  combinations  of  tunnel 
conditions.  Appro*  mate  !y  Kbl  of  t«e  work  in  runnel  4T  is  force 
test ing. 

Others  - 

ther  tests  are  ur-‘.»d  •;«:  *n  Tunnel  -T  on  jn  occasional  basis.  For 
e«  <j>na«»»r.  stability  tests  can  be  conducted.  Magnus  force  and 

moments  *>ay  oe  measured.  Tn>s  category  of  titsting  represents 
appro*  imate !y  of  the  work  in  Tunnel  4T  last  year. 

V.  PERSONNEL  POSITIONS  WITHTW  WIND  TUNNEL  4T : 

Overall  responsibility  for  testing  is  an  Air  Force  function.  Air 
Force  personnel  participate  in  planning  each  test  program,  and  Air 
Force  staff  communicate  with  4T  control  room  personnel  during  testing. 
However,  Air  Force  personnel  uo  not  operate  the  tunnel.  Those 
functions  are  performed  by  contractor  personnel.  For  this  reason.  Air 
Force  personnel’s  role  in  testing  Is  riot  described  further  In  this 
paper. 

Personnel  involved  In  a  test  in  Tunnel  4T  can  be  divided  Into 
three  groups  according  to  activities  performed: 

(1)  Oeflners  of  what  data  Is  needed  from  a  test, 

(2)  Designers  and  planners  of  how  to  get  this  data, 

(3)  Operators  of  the  tunnel  and  related  sub -systems  who  carry 
out  the  plans  and  gather  the  data. 

Persons  Involved  with  these  different  functions  each  has  a  role  In 
testing. 

User  and  Sponsor  -  The  Sponsor  is  the  originating  party  who  has 
overall  responsibility  for  test  planning,  programming,  and  funding. 

The  Sponsor  defines  what  data  is  needed  from  the  test.  Typically,  the 
Sponsor  has  a  contract  with  a  User  who  has  developed  the  hardware 
under  test.  The  Sponsor's  representatives  and  the  User's 
representative(s)  work  together  with  personnel  of  AEDC  and  the  Air 
Force  to  plan  the 
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test.  The  User  specifies  conditions  for  the  test  program  and  supplies 
the  aodel.  A  User  may  also  provide  personnel  who  work  on  User* 
supplied  elements  (e.g.  a  User  may  provide  proprietary  balances),  along 
with  A£DC  contractor  personnel  who  ordinarily  install  a  model  in  the 
tunnel.  Representatives  of  the  User  and  the  Sponsor  have  a  work  area 
in  the  control  room  where  they  can  evaluate  data  on-line.  If  there  are 
any  changes  that  need  to  be  eade  In  the  test  requirements,  they  must 
be  approved  by  the  Sponsor  who  funds  the  test  program. 

Project  engineer  - 

The  Project  Engineer  is  a  professional  engineer  assigned  to  coordinate 
all  testing  activities  associated  with  a  particular  test  program. 

He/she  works  closely  with  the  User  and  the  Sponsor  to  plan  and  define 
the  test  scope.  Ourlng  testing  he/she  specifies  test  conditions  and 
requests  the  Test/Operatlons  Coordinator  to  interact  with  the  tunnel 
operator  in  establishing  them.  If  the  User  or  Sponsor  wishes  to  make 
any  changes  while  a  test  is  underway,  the  Project  Engineer  makes  the 
necessary  calculations  to  specify  appropriate  tunnel  conditions  and 
gives  this  Information  to  the  Test /Operations  Coordinator. 
Test/Operatlons  Coordlnator- 

The  Test/Operations  Coordinator,  sometimes  referred  to  as  Test 
Engineer/Coordinator  or  Project  Coordinator,  works  with  Tunnel 
Operators  and  Instrument  Technicians  to  gather  data  according  to 
conditions  specified  by  the  Project  Engineer.  This  person  literally 
co-ordinates  activities  In  the  control  room.  A  log  Is  kept  of 
everything  that  happens  in  tunnel  4T  as  Indicated  In  the  control  room. 
The  Coordinator  is  responsible  for  ordering  electrical  power  every 
half  hour  when  the  tunnel  Is  operating,  and  also  monitoring  power 
usage.  He  monitors  model  Installation  and  test  conditions.  He  sees  to 
U  that  data-presentlng  devices  such  as  line  printers  or  graphics 
terminals  work  properly.  When  the  tunnel  Is  not  operating,  he 
oversees  maintenance  of  various  system  used  In  testing. 

Instrument  Techniclan- 

The  Instrument  Technician's  primary  responsibility  Is  to  Install, 
calibrate,  and  maintain  equipment.  An  Instrument  Technician  runs 
maintenance  checks  on  computer  programs  displayed  in  the  control  room. 
These  programs  control  conf Igurations  o'  the  model  as  well  as 
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conversions  of  raw  data  from  analog  to  digital  form.  When  a  CTS  test 
is  run  in  the  tunnel,  an  Instrument  Technician  monitors  displays  and 
operates  controls  to  insure  that  the  store  and/or  model  move  to  the 
desired  positions  for  a  trajectory  test.  In  Free  Drop  testing  the 
Instrument  Technician,  on  signal  from  the  Test/Operations  Coordinator, 
operates  the  mechanism  (a  "burn  box"),  wnich  releases  the  store. 
Tunnel  Qperator- 

The  Tunnel  Operator  opens  and  closes  valves,  which  in  turn,  control 
the  pressure  ratio  and  Mach  number  of  air  in  the  tunnel.  The  Project 
Engineer  specifies  conditions  of  each,  and  the  Tunnel  Operator,  who  is 
monitored  by  the  Test/Operations  Coordinator,  opens  and  closes  valves 
to  produce  these  conditions  in  the  tunnel.  When  proper  conditions  are 
met,  data  is  gathered.  The  Tunnel  Operator  also  places  an  order  for 
electrical  power  as  requested  by  the  Test/Operations  Coordinator. 


VI.  TASK  ANALYSIS: 

In  order  to  get  to  know  personnel  in  the  control  room  and  to 
become  familiar  with  procedures,  the  research  team  made  extensive 
visits  during  each  of  the  types  of  test  conducted  in  the  tunnel.  The 
tunnel  is  operated  for  three  8-hour  shifts  a  day,  so  the  team  observed 
during  each  shift.  From  these  observations,  questions  were  prepared 
for  use  in  an  extensive  interview  conducted  individually.  Each  person 
interviewed  was  assured  that  his  responses  would  be  labeled  only  by 
job  title  with  nothing  to  identify  him  as  an  individual.  During  each 
interview  at  least  two  members  of  the  research  team  took  detailed 
notes  of  each  person's  responses  as  a  check  on  reliability. 

Each  person  interviewed  was  selected  by  the  manager  of  his 
particular  position  (e.g.  tunnel  operator),  on  the  basis  of  experience 
in  operating  Tunnel  4T.  Each  man  was  interviewed  during  his  regular 
shift  at  a  time  when  he  was  not  gathering  data.  All  of  the  three 
Test/Operations  Coordinators  assigned  to  4T  were  interviewed.  One 
Tunnel  Operator  from  each  shift  was  interviewed  in  addition  to  a  Craft 
Supervisor  for  that  position.  Five  Instrument  Technicians  and  six 
Project  Engineers  were  interviewed.  Among  the  Project  Engineers,  both 
the  Aerodynamics  Section  and  the  External  Stores  Section  were 
represented. 
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The  Interview  was  divided  into  two  phases:  (1)  a  specific 
description  of  what  each  person  does,  and  (2)  each  person's  concept  of 
how  his  work  station  could  be  Improved. 

(1)  Each  interviewee  was  asked:  "After  pre-ops  and  system  check¬ 
out  have  been  completed  what  is  the  first  activity  that  you 
do?  Then,  he  was  asked  what  information  is  needed  for  this 
activity  and  where  that  information  is  obtained.  After 
that,  the  same  questions  were  asked  about  the  next  activity 
that  he  performs.  This  procedure  was  continued  until  the 
interviewee  had  given  a  detailed  description  of  his 
activities.  Any  differences  in  these  activities  with 
different  types  of  tests  were  determined.  How  a  person 
responded  to  any  unusual  situations  and  where  he  got  the 
information  that  told  him  it  was  unusual,  were  checked. 
Finally,  he  was  asked  if  there  was  anything  else  either  in 
the  way  of  information  or  of  a  device  that  would  help  him  do 
his  job.  In  addition,  Test/Operations  Coordinators  were 
asked  who  they  talk  with  on  an  inter -com  or  telephone  during 
a  test  run.  Project  Engineers  and  Instrument  Technicians 
were  asked  how  they  determine  that  data  they  have  collected 
is  valid,  and  their  opinion  of  the  trustworthiness  of  the 
systems  used  to  collect  the  data. 

(2)  Each  individual  was  shown  a  photograph  of  his  work  station. 

He  was  asked  to  Indicate  the  more  important  displays  and 
controls.  He  was  also  asked  which  he  used  more  frequently. 
These  photographs  had  been  cut  apart  In  such  a  way  that  the 
different  displays  and  controls  could  be  rearranged.  Each 
person  was  asked  to  rearrange  them  to  make  a  lay-out  that  he 
felt  was  better  than  the  present  arrangement.  He  was 
advised  to  make  the  lay-out  without  worrying  about  whether  or 
not  it  was  feasible  to  carry  out  his  recommended  changes. 

That  is,  he  was  to  present  a  preferred  lay-out,  whether  it 
involved  modification  of  the  present  control  room  or  whether 
it  involved  constructing  a  new  control  room. 
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Tunnel  Operators  -  Ouring  a  test  run,  a  Tunnel  Operator  has  four 
major  activities:  (1)  he  orders  electric  power  every  half  hour  as 
instructed  by  the  Test/Operations  Coordinator,  (2)  he  calls  the  Plenum 
Evacuation  System  (PES)  operators  in  a  remote  location  to  give  tunnel 
conditions  for  the  test,  (3)  he  manipulates  valves  to  bring  tunnel 
conditions  to  the  appropriate  pressure  and  Mach  number  and  to  maintain 
them  there  as  specified  by  the  Project  Engineer,  and  (4)  he  monitors 
all  tunnel  conditions.  He  relies  on  a  mimic  board  to  tell  him  which 
PES  compressors  are  on-line.  These  provide  the  basic  conditions 
within  the  tunnel  which  the  Tunnel  Operator  fine-tunes  to  meet  test 
conditions.  He  relies  on  the  Status  Annunciator  panel  to  show  that 
control  parameters  within  the  tunnel  are  satisfactory  within 
tolerance.  To  set  pressure,  he  uses  Valve  65,  which  admits  dry  air. 
Valve  65  is  manually  controlled,  as  its  operation  by  computer  does  not 
work  properly.  It  is  faster  to  set  this  valve  manually  than  by 
computer.  If  test  conditions  permit  use  of  atmospheric  air  (Mach 
number  less  than  .6,  pressure  less  than  1200  P^)  Valve  8Q  can  be  used. 
If  test  conditions  involve  Mach  numbers  less  than  about  .8,  Valves  92 
and  92A  are  used  to  set  the  Mach  number.  These  are  put  on  a  computer 
which  is  better  for  fine  tuning.  If  a  higher  Mach  number  is  required. 
Valves  93  and  93A  are  used.  In  each  case.  Valves  labeled  A  are  "fine- 
tuning"  valves,  and  are  computer-controlled.  However,  Valve  93  must 
be  adjusted  continually  because  at  these  high  Mach  numbers,  models  may 
be  moved  by  the  airflow  which  causes  conditions  within  the  tunnel  to 
change. 

Tunnel  Operators  differ  in  their  use  of  displays.  Some  consider 
the  Real  Time  Data  Display  to  be  the  most  important  display,  as  power 
usage  can  be  estimated  from  it,  and  it  shows  Mach  number  and  pressure. 
Others  rely  on  a  redundant  LED  display  for  information  about  Mach 
number  and  pressure  and  rarely  use  the  Real  Time  Data  Display  for  this 
purpose.  Most  operators  rely  on  the  TV  monitors,  as  these  make  it 
possible  for  an  operator  to  estimate  in  advance  changes  that  he  will 
have  to  make  to  keep  tunnel  conditions  steady  when  a  model  moves. 
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Panel  Layout  Suggestions-  Those  Tunnel  Operators,  who  made 
suggestions,  agreed  that  displays  which  are  frequently  used,  such  as 
the  TV  monitors  or  the  4T  Status  panel,  should  be  at  the  center  of  the 
work  station  at  about  eye  level.  Valves  which  are  used  more 
frequently,  such  as  Valves  65,  92,  92A,  93  and  93A,  should  be  mounted 
towards  the  bottom  of  the  panel  in  the  center.  Valves  should  be 
functionally  grouped.  Valves  65  and  92  should  be  mounted  beside  each 
other,  lower  on  the  panel.  LEO-type  pressure  indicators  should  be 
mounted  beneath  each  other  rather  than  side  by  side  between  two  valves 
as  at  present.  Displays  and  controls  which  are  not  used  frequently 
should  be  placed  on  the  periphery  of  the  Tunnel  Operator's  work 
station,  as  they  are  at  present.  These  include  displays  for  wall 
porosity,  wall  angles,  diffuser  walls,  porosity  walls,  personnel 
Interlock,  ETF  Make-up  Duct  Pressure,  Valve  control,  and  Remote 
loader. 

Instrument  Technicians-  The  Instrument  Technician's  work  station 
is  concerned  with  devices  for  gathering  data.  Relative  usage  depends 
on  the  particular  test.  Most  of  these  devices  are  controlled  by 
computer.  For  this  reason,  most  of  his  responsibilities  during  a  test 
run  are  primarily  monitoring  of  displays  and  assisting  with  any 
changes  in  the  model  or  stores.  He  monitors  paper  usage  by  line 
printers.  During  Free  Drop  Tests  he  is  in  charge  of  monitoring  the 
amount  of  photographic  film  used.  He  also  releases  the  store  upon 
signal  from  the  Test/Operations  Coordinator.  Before  a  test  run  is 
started,  the  Instrument  Technician  enters  constants  into  the  Data 
Acquisition  Panel,  and  during  CTS  testing  into  the  CTS  Control 
Constant  Boxes  as  instructed  by  the  Project  Engineer,  who  has 
calculated  the  constants.  Ouring  CTS  testing,  an  Instrument 
Technician  mans  the  CTS  Room  next  to  the  tunnel  test  section. 

The  Instrument  Technicians  consider  the  Data  Acquisition  Panel 
(OAPS)  most  Important.  He  uses  It,  the  TV  monitors,  and  the  CRT 
displays  from  1160,  0EC-10,  and  DDAS  computers  most  frequently  during 
a  test  run.  The  CRT  display  from  computer  808C  contains  more  detail 
than  is  needed,  as  all  that  Is  needed  is  to  show  that  the  system  is 
running.  This  display  is  rarely  used. 
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Panel  Layout  Suggestions-  Instrument  Technicians  generally  seem 
satisfied  with  the  work  station.  However,  it  was  suggested  that  E 
Meter  Relay  and  O'Graph  Remote  Control  panels,  the  Test  Article  Status 
Panel,  as  well  as  Servo-amplifier,  Pos.  feedback,  and  Tachometer  plugs 
be  removed,  as  they  are  never  used  during  the  testing  phase.  The 
single  panel  controlling  pitch  and  roll,  the  LEO  displays  of  pitch  and 
roll  and  the  pitch  and  roll  meters  should  be  combined,  and  preferably 
placed  close  to  the  center  of  the  work  station.  Otherwise,  there  were 
no  suggestions  for  major  changes  of  panel  positions. 

Test/Operations  Coordinator-  As  the  person  in  charge  of  the 
control  room  the  Test/Operations  Coordinator  is  responsible  for  seeing 
to  it  that  data  is  gathered  under  specified  conditions  as  planned.  He 
personally  inspects  each  model  change  to  insure  that  the  correct 
configuration  is  mounted  in  the  tunnel.  He  orders  power  every  half 
hour.  He  listens  as  a  computer  takes  a  data  point.  If  the  machine 
sound  is  unusual  ne  checks  to  see  if  it  is  off-condition.  He  helps 
the  CTS  operator  if  a  bad  store-ground  occurs  which  can  carnage  a 
balance. 

Because  of  the  extent  of  his  responsibilities,  the 
Test/Operations  Coordinator  makes  extensive  use  of  the  TV  monitors, 
the  Real  Time  Data  Display,  and  the  CRT  display  of  computer  1160.  The 
CRt  display  of  the  DEC-10  computer  is  used,  but  not  as  often  as  the 
others. 

Panel  Layout  Suggestions-  Test/Operations  Coordinators  are 
pleased  with  the  lay-out  of  the  work  station,  and  had  no  suggestions 
for  a  change  in  what  is  displayed.  If  the  work  station  were  moved  so 
as  to  face  the  Tunnel  Operator's  and  Instrument  Technician's  panels, 
then  the  monitors  should  be  moved  to  be  in  a  line  at  eye  level. 

Project  Engineer-  The  Project  Engineer  does  most  of  his  work  in 
advance  in  preparation  for  a  test  run.  During  the  run,  he  verifies 
that  the  correct  constants  are  being  used  by  checking  a  line  printer 
where  they  are  tabulated.  When  data  is  coming,  he  checks  data  trends 
by  examining  graphs  of  certain  data  on  a  GT-42  computer  display.  If 
any  change  is  required  in  the  test  plan,  he  makes  the  necessary 
calculations  and  gives  them  to  the  Test/Operations  Coo-dinator. 
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Because  his  task  Is  one  of  checking  rather  than  monitoring,  the 
Project  Engineer  is  less  concerned  with  display  of  specific  conditions 
than  other  personnel  In  tht  .ontrol  room.  He  uses  the  tabulated  and 
graphical  data  to  observe  trends.  Having  this  In  real-time  would  be  a 
help  to  him. 

VII.  PROBLEM  AREAS  IDENTIFIED  IN  INTERVIEWS: 

Ourlng  the  interviews  several  common  problems  were  mentioned. 

These  are  tabulated  in  Table  1  according  to  how  many  people  In 

each  position  mentioned  that  ittm. 

1.  Telephone  and/or  Intercom-  Almost  everyone  who  has  visited 
Tunnel  4T  has  commented  on  the  poor  communications  system.  The 
telephone  is  a  party  line  and  often  is  hard  to  hear.  The  intercom 
between  the  control  room  and  the  remote  CTS  room  often  does  not  work. 

2.  Glare  on  Instrument  panels-  Glare  on  these  panels  Is  bad 
enough  that  often  operators  turn  off  the  room  lights.  This  is  less  of 
a  problem  at  the  Test/Operations  Coordinator's  work  station  than  at 
the  Tunnel  Operator's  and  Instrument  Technician's  stations. 

3.  Some  controls  are  inconvenient  to  reach  at  the  work  station, 
or  an  Improperly-designed  control  Is  being  used. 

4.  Similarly,  operators  feel  that  some  displays  should  be  In  a 
different  location  than  Is  presently  the  case. 

5.  Extraneous  people  In  the  control  room-  At  the 
beginning  of  a  shift,  numerous  visitors  drop  by  the  control  room. 

These  people  add  to  the  noise  level  and  general  confusion  in  the 
control  room. 

6.  displays  are  not  comprehensible  or  readable,  or  another 
display  Is  needed.  These  display  problems  are  not  a  major 

problem  for  Tunnel  Operators  but  are  for  Instrument  Technicians  and 
Test/Operations  Coordinators. 

7.  The  Control  Room  should  be  closer  to  the  tunnel-  Instrument 
Technicians  and  Test/Operations  Coordinators  must  make  frequent  trips 
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to  the  tunnel.  This  is  especially  true  during  Free  Drop  tests  when 
there  are  frequent  model  changes  which  must  be  checked.  The  distance 
involved  is  a  time-waster,  not  to  mention  a  hazard  during  bad  weather. 
Other  problems  identified  were  mentioned  by  fewer  people. 
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VIII.  RECOMMENDATIONS: 

The  approach  followed  in  the  present  study  may  be  used  to  study 
other  wind  tunnels  in  which  electrical  power  costs  are  greater  than  in 
Tunnel  4T,  e.g.  Tunnel  I6T  or  the  von  Karman  Facility  tunneis.  As 
these  tunnels  are  less  automated  than  4T,  and  thus  require  more 
operators,  greater  savings  may  result  from  such  a  study. 

Based  on  observation  and  the  task  analysis,  the  following  items 
are  recommended.  Some  of  these  apply  to  the  entire  control  room, 
while  others  are  for  specific  work  stations. 

Control  Room- 

L.  Telephone  and  intercoms-  A  common  complaint  is  that  the 
telephone  system  is  inadequate.  It  is  a  "party- line"  in  which  too 
many  stations  are  on  the  phone  line.  Sometimes,  reception  is  poor. 

It  is  recommended  that  a  new  phone  system  be  installed,  preferably  a 
"memory  phone"  with  which  a  Test/Operations  Coordinator  can  press  a 
single  button  which  would  automatically  connect  with  persons  whom  he 
calls  frequently.  We  understand  that  the  entire  telephone  system  for 
AEDC  is  to  be  changed.  This  may  take  care  of  the  problem,  but  at 
present  the  telephone  is  a  real  "choke  point"  in  the  Control  Room. 

The  intercoms  between  the  Control  Room  and  the  Computer  Room  and 
the  Control  Room  and  the  CTS  Room  are  old.  Both  need  replacing  with 
up-to-date  equipment. 

2.  Glare  -  Glare  from  the  surfaces  of  the  work  stations  is 
sufficient  to  cause  discomfort  to  operators.  They  often  turn  off 
overhead  lights  because  of  this.  The  glare  could  easily  be  reduced  by 
placing  diffusers  over  fluorescent  bulbs  above  the  work  stations. 
Appropriate  values  of  luminance  of  the  glare  source  are  presented  in 
Reference  2  (p.  52) . 
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3.  Noise  and  extraneous  people-  A  number  of  people  drop  by  the 
first  shift.  This  adds  to  the  noise  level  in  the  Control  Room. 
Personnel  other  than  Air  Force  representatives.  User,  Sponsors, 

Project  Engineers,  Test/Operations  Coordinators,  Tunnel  Operator*,  and 
Instrument  Technicians  needed  for  a  test  run  should  not  be  in  Lne 
control  Room  during  a  test  run  unless  they  have  a  specific  task  to 
perform. 

4.  Line  printer-  One  of  the  major  contributors  to  noise  In  the 
Control  Room  Is  one  line  printer.'  One  is  used  to  monitor  real-time 
data  and  another  to  print  final  copy  of  the  data  for  the  User.  Real¬ 
time  data  can  be  monitored  more  rapidly  from  a  CRT  display  in  which 
data  can  be  called  up.  As  there  is  often  a  lag  in  print-outs  from  the 
printer,  use  of  this  CRT  should  save  decision  time  for  the 
Test/Operations  Coordinator.  As  a  User  does  not  have  printed  data 
during  a  run,  there  is  no  need  for  this  printer  to  be  in  the  Control 
Room.  It  can  be  moved  to  another  location  where  its  noise  is  less  of 
a  problem. 

5.  Complexity  of  information  displayed-  Some  displays  are  used 
solely  to  identify  when  tunnel  conditions  are  met,  or  to  monitor 
conditions.  Use  of  digital  Information  in  such  displays  is  overly 
complex.  A  bar  diagram  or  a  status  indicator  (such  as  a  light  which 
is  on  when  conditions  are  satisfactory)  is  all  that  is  required. 

6.  Spare  parts-  A  few  spare  parts,  such  as  fuses  or  light 
bulbs,  should  be  available  in  the  Control  Room  area.  There  has  been  a 
delay  in  replacing  such  parts  when  a  report  has  been  made  to  do  so, 
lowering  the  quality  of  the  display  and  control  panels.  For  example, 
some  light  bulbs  at  the  work  stations  are  burned  out.  Ready 
availability  of  such  bulbs,  as  well  as  agreement  about  who  is  allowed 
to  change  them  would  improve  the  displays. 

7.  Separata  work  space  for  the  User  3nd  Sponsor-  Both  control 
room  personnel  and  Users  themselves  would  like  for  the  User  to 
have  a  work  area  outside  of  the  Control  Room.  A  User  needs  a 
TEKPLOT-like  graphics  display,  but  Users  and  Sponsors  do  not  need 
the  specific  data  available  in  the  Control  Room.  Users  and 
Sponsors  need  access  to  the  Control  Room  and  the  Project 
Engineer,  but  noise  present  in  the  Control  Room  is  disturbing  to 
their  work.  A  work  place  for  Users  and  Sponsors 
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outside  of  the  Control  Room  where  they  can  discuss  test  data  and  where 
there  is  a  real-time  graphics  display  is  needed. 

8.  Location  of  a  new  Control  Room-  If  a  new  control  room  is 
built  it  should  be  closer  to  the  tunnel.  The  present  arrangement  in 
which  Test/Operations  Coordinators  and  Instrument  Technicians  have  to 
make  frequent  trips  to  the  tunnel  (some  72  steps)  in  all  sorts  of 
weather  is  not  only  hazardous  but  also  is  a  time-waster.  There  is 
sufficient  appropriate  space  available  if  a  decision  were  made  to 
build  a  new  control  room. 

Tunnel  Operators- 

1.  Panel  removal-  Remove  from  the  funnel  Operator's  panel  two 
unidentified  counters  and  Remote  Readout  Power  Supply  #1,  2,  and  5 
panels.  These  are  not  used.  The  Tunnel  Indicator  is  not  needed  by 
the  Tunnel  Operator,  although  other  personnel  may  use  it. 

2.  Repair-  Valve  65  should  be  functionally  computerized.  The 
computer  system  for  this  valve  does  not  work  at  present,  which 
requires  an  operator  to  set  it  manually.  Computerization  should  save 
time  in  the  valve's  operation  in  getting  the  tunnel  on  test  conditions 
with  a  resulting  saving  in  power. 

4.  Oesiqn  of  controls-  When  a  valve  is  used  to  fine-tune  test 
conditions,  the  control  shoi  Id  be  a  knob  rather  than  a  push  button.  A 
person  can  make  a  more  sensitive  adjustment  with  a  knob. 

5.  Audible  signal-  The  audible  signal  when  tunnel  conditions 
have  been  met  should  be  made  slightly  louder.  This  signal  comes  from 
a  loudspeaker  mounted  on  the  Tunnel  Operator's  work  station.  However, 
it  sounds  as  if  it  comes  from  behind  him,  so  he  sometimes  does  not  hear 
it. 

Instrument  Technicians- 

1.  Removal  of  panels  -  Remove  from  the  work  station  E  meter 
Relay  and  O' Graph  Remote  Control  panels  and  Test  Article  Status  Panel 
in  addition  to  Servo-amplifier,  Pos.  feedback  and  Tachometer  plugs. 

2.  Change  in  display-  Remove  the  CRT  display  for  computer  8080 
and  replace  it  with  an  indicator  light  which  shows  when  the  computer 
8080  system  is  running. 

3.  Need  display  in  CTS  Room-  An  indicator  of  Mach  number 
should  be  installed  in  the  CTS  Room.  At  present,  the  Instrument 


Technician  there  has  no  way  of  knowing  when  the  tunnel  is  on 
conditions  and  the  system  is  roady  to  gather  data. 

4.  Moving  a  panel-  The  single  panel  controlling  pitch  and  roll 
should  be  moved  closer  to  the  center  of  the  work  station. 

5.  Instructions  for  new  equipment-  When  new  equipment  Is 
Installed,  written  Instructions  should  be  provided.  At  present,  an 
Instrument  Technician  must  learn  Its  operation  pretty  much  on  his  own. 
Test/Operations  Coordinator- 

1.  TV  display-  Higher  contrast  Is  needed  In  the  TV  display. 
This  may  not  be  possible  because  of  the  parameters  for  mounting 
the  TV  camera  in  the  tunnel,  but  the  availability  of  higher 
contrast  equipment  should  be  investigated.  It  is  sometimes 
difficult  to  see  changes  In  model  position  with  the  present  TV 
monitor. 

2.  Desk  space'  -  The  Test/Operations  Coordinator  needs  more 
desk  space.  H 1  s"~ r e spons i b i  1  i t i e s  require  him  to  do  considerable 
writing.  At  present  the  space  at  his  work  station  is  cramped. 

3.  Forms  for  Free  Drop  Test-  Ouring  a  Free  Drop  Test  the 
Test/Operations  Coordinator  must  complete  a  number  of  forms,  one  each 
time  the  tunnel  is  opened.  With  all  of  his  other  activities  this 
sometimes  gets  him  behind.  The  form  for  this  test  should  be 
redesigned  to  make  it  easier  and  faster  to  fill  out. 

4.  Location  of  work  station-  If  a  new  room  were  built  the 
Test/Operations  Coordinator's  work  station  should  be  closer  to  the 
Tunnel  Operators  and  Instrument  Technician's  panels,  preferably  facing 
them.  This  would  allow  more  desk  space.  The  Test/Operations 
Coordinator  must  interact  with  the  Project  Engineer  and  sometimes  the 
User,  so  the  Project  Engineer's  work  station  should  continue  to  be 
nearby. 
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TABLE  1 

PROBLEM  AREAS  IDENTIFIED  IN  INTERVIEWS: 
FREQUENCY  OF  COMMENTS  MADE  BY  TUNNEL  PERSONNEL 


Tunnel  Instrument  Test/Operations 
Operators  Technicians  Coordinators 
N  =  4  N  =  5  N  =  3 

Telephone  and/or  intercom  34  3 

Glare  on  instrument  panels  35  2 

Controls  out  of  reach  or  improper  4  3  0 

Location  of  displays  4  3  l 

Extraneous  people  in  052 

Control  Room 

Displays  not  comprehensible  04  3 

or  readable  or  need  another  display 

Control  room  closer  to  tunnel  03  3 

Noise  in  Control  Room  03  2 

Availability  of  spare  parts  1  3  0 

Additional  groups  should  be  with  0  3  0 

operations,  e.g.  optical  group 

Controls  not  ordered  1  2  0 

User  workspace  should  be  012 

outside  of  the  Control  Room 

Amount  of  working  space  00  2 

Problems  of  transfer  to  020 

another  tunnel 

Air  conditioning  01  I 
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ABSTRACT 

Tactical  command  and  control  systems  in  the  era  of  TACS-2000  and 
beyond  will  be  distributed  in  order  to  maintain  a  sufficient  degree  of 
survivability.  The  underlying  database  system  will  also  be  distributed. 
It  must  respond  quickly  to  both  updates  and  requests  for  information, 
and  must  contain  enough  redundancy  to  sustain  simultaneous  losses  of 
several  elements.  Few  production  distributed  databases  exist,  and  none 
appears  suited  to  this  application.  This  report  details  our  work  on 
designing  a  suitable  database  system.  Our  major  work  to  date  has  been 
the  areas  of  data  replication,  backup,  and  concurrency  control. 
Suggestions  for  further  research  in  this  area  are  offered. 
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I.  INTRODUCTION 

Future  tactical  command  and  control  systems  must  be  made  mobile  and 

capable  of  surviving  enemy  attacks.  Since  mobility  precludes  much 

hardening,  such  a  system  will  have  to  be  distributed  so  that  no  single 

10 

element  makes  a  very  attractive  target  . 

The  underlying  database  system  must  respond  quickly  to  both  updates 
and  requests  for  information,  and  must  contain  enough  redundancy  to 
sustain  simultaneous  losses  of  several  elements.  That  means  a 
distributed  database  must  be  used,  and  information  sent  where  needed  as 
soon  as  possible.  Few  production  distributed  databases  exist,  and  none 
is  suited  to  this  application.  A  suitable  database  system  must  be 
designed. 

Nearly  all  work  on  distributed  databases^’ assumes  the  use 

7 

of  the  relational  model  of  data  .  Older  models,  such  as  the 
hierarchical  and  network,  assume  that  access  to  the  data  is  a  record  at 
a  time;  such  access  is  not  reasonable  in  a  distributed  setting.  For 
that  reason  we  have  assumed  that  the  relational  model  will  be  used,  but 
nothing  in  our  work  to  date  precludes  the  use  of  another  model. 

Database  systems  presently  in  use  h&ve  in  general  been  designed  for 
a  commercial  environment,  where  occasional  breaks  in  service  and  slow 
response  may  be  tolerated  but  Inconsistent  or  inaccurate  results  cannot. 
In  a  tactical  system,  slow  response  and  unexpected  breaks  in  service 
cannot  be  tolerated,  but  where  information  is  approximate  to  start  with 
some  inconsistencies  may  be  acceptable.  We  have  therefore  given 
considerable  attention  to  maintaining  the  highest  possible  level  of 
continuous  service  and  to  reducing  or  eliminating  those  factors  which 
degrade  responsiveness. 

Our  consideration  of  these  problems  may  be  divided  into  six  topic 
areas:  data  modeling,  data  replication,  site  initialization  and 
recovery,  concurrency  control,  commitment  and  query  processing.  Others 
have  done  some  work  in  several  of  these  areas;  our  main  work  has  been  in 
the  areas  of  replication,  system  recovery,  and  concurrency  control. 

II.  OBJECTIVES 

Future  Tactical  Air  Control  Systems  must  involve  innovative 
concepts  for  tactical  command  and  control  during  a  high-intensity 
conflict  of  the  future.  Large  easily-recognizsble  centers  must  be 
augmented  or  replaced  by  small  elements  which  can  perform  a  number  of 
functions  and  are  not  easily  identifiable.  In  short,  most  experts  are 


proposing  distributing  operations  in  the  theater^**®.  Preliminary 
studies  support  this  assertion1^. 

The  following  principles  and  constraints  define  the  context  for  the 
future  TACS  database  design.  These  principles  were  formulated  based  on 
many  useful  conversations  with  Air  Force  and  civilian  personnel. 

1.  As  soon  as  possible  after  entering  the  system,  data  should  be  sent 
to  each  site  with  a  need  or  potential  need  for  it. 

2.  Automated  systems  within  the  overall  information  system  must  in  no 
way  limit  the  options  available  to  commanders  in  the  Air  Force 
command  hierarchy. 

3.  A  reliable  self-organizing  communications  network  capable  of 
handling  large  volumes  of  data  is  assumed  to  be  available. 
Communication  network  issues  are  not  treated  in  this  study. 

4.  In  Tactical  Air  Control  Systems  of  the  future,  the  data  replication 
and  distribution  i3sue  will  be  much  more  sensitive  than  it  is  in 
commercial  systems,  while  the  need  for  elaborate  distributed  query 
processing  capabilities  may  not  be  as  critical. 

5.  The  methods  for  handling  reconfiguration,  initialization,  and 
recovery  mu3t  take  into  account  the  possibility  that  portions  of  the 
database  may  become  unavailable,  either  by  being  in  a  state  of 
relocation  or  through  wartime  attrition. 


The  following  concepts  should  be  considered  in  this  design: 
Data  modeling 

Data  replication  and  distribution 
Initialization  and  recovery 
Concurrency  control 
Commitment 
Query  processing 


Data  Modeling: 

Data  modeling  is  a  process  for  representing  data,  data 
relationships,  and  data  manipulation  operations  in  a  systematic  (often 
graphic)  language.  There  are  three  widely  accepted  data  models: 
hierarchical  (data  i3  structured  in  outline  form),  network  (data  is 
linked  to  form  interlocking  rings),  and  relational  (data  is  structured 
into  simple  flat  tables). 

The  data  makeup  and  data  requirements  of  a  future  tactical  air 

control  system  are  only  partially  known  at  this  time.  Therefore  much  of 

5  10  11 

the  data  modeling  effort  must  be  postponed  ’  .  Where  data 

7 

modeling  can  be  done,  the  relational  data  model  will  be  used  because  of 
its  superior  flexibility  and  clarity.  This  choice  does  not  preclude 
U3lng  another  model  for  the  implemented  system. 

Structuring  database  records  by  considering  data  item  usage  can 
yield  substantial  efficiencies  in  the  database  system.  Physical  data 
modeling  techniques  such  a3  mathematical  clustering,  iterative  grouping, 
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and  hierarchical  aggregation  will  need  to  be  used  to  determine  efficient 

I  15 

I  access  paths  and  record,  segment,  file,  and  data  set  structuring  . 

Replication  and  Distribution; 

2  "" 

Future  tactical  C  databases  will  serve  well-structured  functions. 
Replication  methods  must  be  formulated  which  will  efficiently  distribute 
data  to  all  sites  with  a  potential  use  for  the  information.  This 
I  potential  use  may  include  new  responsibilities  taken  on  by  backup  sites 

when  primary  sites  are  lost.  This  part  of  the  database  design  will  be 
very  important  in  the  future  TACS  setting.  New  algorithms  will  need  to 
be  formulated,  tested  and  evaluated,  since  the  subject  has  not  been 
j  extensively  treated  in  the  literature. 

There  will  always  be  data  transfer  limitations  on  the  network. 
Scheduling  algorithms  will  be  considered  to  prioritize  the  transfer  of 
data.  The  transfer  of  data  will  be  done  according  to  a  priority  scheme 
based  on  urgency  of  the  need  at  the  various  sites.  (Sites  with  primary 
responsibility  for  a  function  have  the  most  urgent  need  for  data 
required  by  that  function.  Backup  sites  have  less  urgent  needs.)  In 
this  way  network  idle  time  would  be  put  to  good  use  providing  full  or 
near  full  replication  of  data  without  jeopardizing  high  priority  message 
traffic.  This  approach  would  give  the  commanders  great  flexibility  in 
designating  and  shifting  command  and  control  responsibilities. 

Different  priority  schemes  will  be  suggested  for  different 
functions.  For  example,  data  destined  for  elements  with  area-based 
responsibility  (e.g.,  present  day  Command  and  Reporting  Centers)  might 
best  be  prioritized  based  on  proximity  to  the  primary  area  of 
responsibility,  whereas  data  destined  for  elements  with  global 
responsibilities  (e.g.,  present  day  Tactical  Air  Control  Centers)  might 
best  be  prioritized  in  terras  of  the  resolution  of  the  data  Itself 
(details  assigned  low  priorities,  summary  information  high  priority). 

We  assume  that  all  required  archival  backups  would  be  transmitted 
to  sanctuaries  outside  the  theater  via  a  long  haul  network. 
Initialization  and  Recovery: 

a 

A  "drive  up  and  plug  in"  C  element  will  undergo  Initial  connection 
to  the  distributed  database  followed  by  one  or  more  subsequent 
separations  from  it.  For  both  initialization  and  recovery,  algorithms 
are  needed  to  bring  the  resident  database  up  to  date  while  avoiding 
unnecessary  data  transmissions  and  rewrites. 

Concurrency  Control: 

The  object  of  traditional  concurrency  control  is  to  give  each  user 


115-6 


the  illusion  of  being  the  sole  user  of  the  system.  Lacking  concurrency 
control,  write-write  conflicts  lead  to  lost  updates  and  read-write 
conflicts  lead  to  inconsistent  views  of  the  data.  Concurrency  control 
in  a  future  TAGS  database  system  must  provide  protection  from  lost 
updates  and  inconsistencies  without  degrading  system  performance. 

Query  Processing: 

Query  processors  are  the  software  modules  which  respond  to  user 
requests  (queries)  for  data  or  information.  The  required  data  may 
reside  at  the  query  site  (local  query)  or  it  may  be  distributed  over  one 
or  more  other  sites  in  the  network  (remote  query).  In  light  of  design 
constraint  1,  as  stated  on  page  2,  local  queries  are  expected  to  be  for 
more  common  than  remote  queries.  The  initialization  and  recovery 
systems  will  require  the  ability  to  query  other  local  databases  and 
remote  querying  will  be  necessary  to  ensure  data  consistency  and 
completeness.  Thus,  some  capability  for  remote  querying  is  necessary, 

for  initialization,  recovery,  consistency  and  for  the  occasional 

12  17 

user-issued  ad-hoc  remote  nuery  ’  .  The  query  processor  must  be  able 

to  answer  the  users  request  in  a  transparent  fashion  whether  the  data  is 
local  or  remote.  That  is,  the  user  must  not  be  required  to  know  where 
the  data  is  located  in  order  to  query  that  data. 

Commitment; 

The  fundamental  function  of  a  database  management  system  is  to 
carry  out  transactions .  Transactions  are  atomic  units  of  work  in  the 
sense  that  they  are  the  smallest  independent  units  of  activity  making  up 
database  applications.  Transactions  are  all-or-nothing  propositions. 
Their  effect  on  the  system  should  be  as  if  they  executed  either  in  total 
or  else  not  at  all.  Transactions  involving  more  than  one  resource 
manager  (such  as  high-command  information  dissemination)  require  two 
phase  commitment  procedures.  In  the  first  phase  each  resource  manager 
must  report  a  "ready  to  commit"  message  to  the  transaction  coordinator. 
If  all  resource  managers  report  "yes",  then  in  the  second  phase,  the 
coordinator  issues  a  "commit"  command;  otherwise  the  coordinator  issues 
a  "rollback"  command.  Due  to  the  stringent  time  constraints  on  much  of 
the  TACS  data,  commitment  procedures  will  need  to  be  very  efficient. 

III.  REPLICATION  AND  DISTRIBUTION 

Efficient  methods  for  replicating  and  distributing  data  are  needed 

in  a  distributed  information  system  serving  well-structured  military 

2 

command  and  control  (C  )  functions  where  the  loss  of  elements  must  be 
anticipated.  The  class  of  replication  methods  below  contains  all 
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methods  consistent  with  the  principles  stated  on  page  2  of  this 
proposal.  Principle  1  and  2,  restated  below,  are  the  most  pertinent  to 
the  data  replication  issue. 

PRINCIPLE  1 

All  data  needed  by  a  site  to  perform  its  u  function  (or  any  future 
functional  assignment)  snould  be  sent  to  that  site  as  soon  as 
possible  after  it  enters  the  system  (full  data  replication). 
PRINCIPLE  2 

The  automated  data  replication  method  should  in  no  way  limit  the 
commander's  flexibility  with  respect  to  C^-function  assignments. 
The  data  replication  site  issue  and  the  C  -element  backup  site 
issue  will  be  kept  separate. 

These  two  requirements  were  postulated  as  a  setting  for  this 
analysis  based  on  many  discussions  with  knowledgeable  Air  Force 
personnel. 

The  phrase  replication  configuration  will  be  used  for  a  choice  of 
data  backup  sites  (primary,  secondary,  ...)  for  each  site  in  the  system. 
Following  the  first  principle  stated  above,  the  data  backup  chain  for 
each  given  site  will  be  defined  to  consists  of  an  ordering  or  chaining 
of  all  other  sites  in  the  system,  where  the  first  site  in  the  chain  is 
designated  as  the  primary  data  backup  site,  the  second  is  designated  as 
the  secondary  backup  site,  etc.  . 

A  priority  assignment  method  will  be  used  to  assist  the  network  in 
queueing  the  data  for  transport.  The  details  of  this  priority  method 
will  not  be  treated  here,  except  to  say  that  data  being  replicated  to 
primary  data  backup  sites  is  high  priority,  while  data  being  replicrLed 
to  lower  level  data  backup  sites  is  somewhat  lower  priority  and  high 
priority  data  is  pre-emptive  in  communication  network  queues.  Also, 
priorities  will  depend  on  the  nature  of  the  data  as  well  as  the 
destination.  This  priority  method  will  allow  the  data  backup  process  to 
use  network  idle  time  to  advantage  in  extending  data  backup  chains 
without  adversely  affecting  the  transmission  time  of  high  priority  data. 
It  still  may  be  deemed  unnecessary  in  some  Instances  to  have  a  complete 
chain  of  data  backup  sites.  In  such  instances  the  full  chain  can  be 
truncated  at  the  appropriate  depth. 

It  may  be  desirable  to  assign  the  same  priority  to  more  than  one 
site  (particularly  in  light  of  principle  2  above).  That  is,  several 
sites  could  be  designated  as  co-primary  data  backups  (co-secondary  data 
backups,  etc.).  To  allow  for  this  generality,  we  consider  the  chain  of 
data  backups  for  a  site,  a,  in  a  system  with  sites,  lMa,b,...}  to  be  a 
sequence  of  subsets  N1  g,  N2  a,...  ,  where  N1  g  is  the  set  of  primary 


data  backups  for  a,  N.  is  the  set  of  secondary  data  backups  for  a, 
etc. 

The  following  is  a  more  formal  treatment  of  the  replication  issue 
in  which  replication  configurations  are  characterized  using  product 
functions. 

Given  sets  N  and  M,  the  notation  N#M  will  be  used  to  represent  the 
subset  of  the  Cartesian  product  with  the  diagonal  removed.  For  instance 
if  N  =  { a , b }  and  M  =  {a,c},  tnen  M*M  -  {  (a,c>  (b,a)  (btc)  }.  A 
replication  configuration  for  a  system  with  sites  Nsla.b,...}  can  be 
represented  as  a  function,  f,  from  N*N  to  the  positive  real  numbers,  R+, 
in  the  following  3ense. 

A  function  f:N*h - R'1’  represents  a  replication  configuration  if  for 

each  site,  a. 


N1,a’  N2,a*  N3,a’  "* 

is  the  data  backup  chain  for  a,  where  N1  =  {b  in  N  !  f(a,b)  = 
min(f  ( { a }  *N ) )  }  ,  N_  :  (b  in  »  !  f(a,b)  :  min(f  ( {a)»(N-N.  ))  }  ,  ... 

c  t 3  I  «a 

The  function  f  canonically  represents  the  replication  configuration  if  f 
assigns  the  value  1  to  all  primary  backups,  the  number  2  to  all 
secondary  backups,  etc. 

It  can  be  shown  that  these  canonical  functions  characterize  all 


replication  configurations  in  the  sense  that  every  replication 
configuration  is  represented  by  one  canonical  function  and  each 
canonical  function  represents  a  unique  replication  configuration. 
(Recall  that  replication  configurations  with  depths  of  1  or  2  etc,  can 
be  derived  from  these  by  truncation.) 

This  fact  1  follows  from  the  consideration  that,  given  a 
replication  configuration,  the  function  which  assigns  1  to  all  primary 
data  backup  site3,  2  to  all  secondary  data  backup  sites,  3  to  all  third 
level  data  backup  sites,  etc.,  is  canonical  and  that  any  canonical 
function,  f,  prescribes  a  replication  configuration  where  the  chain  for 
site,  a,  is 

Va*  N2,a'  N3,a’  *  *  *  '  Mmax(f),a 

(the  3ets  N.  are  defined  above), 
i ,  a 

Non-canonical  functions  can  be  used  to  define  configurations  just 
as  well  as  canonical  functions;  however  the  correspondence  is  no  longer 
one-to-one.  This  fact  is  used  below  to  define  configurations  from 
standard  functions  (such  as  distance). 


PHYSICAL  DISTANCE  METHOD:  Physical  distance  can  be  used  to  generate  a 
replication  configuration,  as  shown  in  figure  1.  The  function  is 
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f(a,b)sSQRT(  (a^b^2  +  (a2-b2>2  ),  where  the  position  of  site  a  is 
(a^,a2)  in  some  Cartesian  coordinate  system.  This  configuration 
provides  a  separate  data  backup  chain  for  each  site. 


backup  chain  for  site  a  backup  chain  for  site  b 

using  physical  distance  using  physical  distance 


Figure  1 


The  question  of  data  backup  load  was  studied  using  analytic  and 
statistical  techniques.  From  analytic  considerations,  one  can  conclude 
that  the  expected  number  of  sites  for  which  a  given  site  will  be  primary 
data  backup  is  1  and  the  maximum  number  of  sites  for  which  a  given  site 
will  be  primary  data  backup  is  5.  Using  Honte  Carlo  techniques,  the 
distribution  of  primary  data  backup  loads  was  simulated.  A  graph  of  the 
results  of  this  study  Is  shown  in  Appendix  A. 

ADVANTAGES  OF  THE  PHYSICAL  DISTANCE  METHOD: 

1.  Data  backup  sites  are  close  to  the  backed  up  site  itself. 

Therefore,  for  sites  with  area  based  responsibilities,  the  backup 
data  could  be  expected  to  extend  and  enhance  the  resident  data.  In 
that  sense  it  will  tend  to  enhance  the  information  content  of  the 
resident  data.  - 

2.  The  method  will  be  robust  under  C  -element  moves  over  short 
distances,  since  such  moves  will  only  slightly  alter  the  physical 
distance  basis. 

3.  Backup  loads  are  quite  evenly  distributed  among  the  sites.  Figure  4 
shows  the  expected  percentages  of  sites  serving  as  primary  backup 
for  zero  other  sites,  one  other  site,  etc.  The  study  was  done  using 
a  Monte  Carlo  simulation. 


DISADVANTAGES  OF  THE  PHYSICAL  DISTANCE  METHOD: 

1.  The  data  backup  capability  is  vulnerable  to  corridor  attacks,  due  to 
physical  proximity. 

RECIPROCAL  OF  DISTANCE  METHOD:  Reciprocal  of  distance  may  be  used,  as 
in  Figure  2.  In  this  method,  the  function  is  f(a,b)  a  1/physical 
distance. 
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backup  chain  for  site  a  backup  chain  for  site  b 

using  reciprocal  of  distance  using  reciprocal  of  distance 


Figure  2 


ADVANTAGES  OF  THE  RECIPROCAL  OF  DISTANCE  METHOD: 

1.  The  data  backup  capability  is  immune  to  corridor  attacks,  since  data 
backups  are  far  removed  from  the  sit^ which  is  being  backed  up. 

2.  The  method  will  be  robust  under  C  -element  moves  over  short 
distances,  since  such  moves  will  only  slightly  alter  physical 
distance  and  therefore  change  the  reciprocal  distance  basis  function 
only  slightly. 


DISADVANTAGES  OF  THE  RECIPROCAL  OF  DISTANCE  METHOD: 

1,  Data  backup  sites  are  chosen  in  inverse  relationship  to  proximity. 
Thus,  the  replication  process  will  require  more  communication 
resources. 

CIRCULAR  CHAIN  METHOD:  A  circular  chain  may  be  used  to  designate  backup 
3ites.  This  method  involves  an  enumeration  of  the  sites  N  s  {a^,  a.,,  . 
.  .  }  according  to  an  appropriate  scheme  (distance  from  a  fixed  point  or 
random  enumeration,  etc.).  A  closed  chain  is  defined  using  that 
enumeration.  Technically,  the  function  is  fCa^aj)  s  (j-l)mod(n). 


backup  chain  for  3ite  a  backup  chain  for  site  b 

U3ing  enumeration  a,e,b,d,e  using  enumeration  a,c,b,d,e 


Figure  3 

ADVANTAGES  OF  CIRCULAR  CHAIN  METHOD: 

1.  The  configuration  is  easily  tuneable  via  the  enumeration  choice. 

2.  The  class  of  configurations  provide  maximum  distribution  of  backup 
loads,  in  the  sense  that  each  site  is  primary  data  backup  for 
exactly  one  other  site,  each  is  secondary  data  backup  for  exactly 
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one,  «to. 

3.  The  data  transport  priority  scheme  can  be  such  stapler  under  this 
replication  configuration  method,  since  each  site  could  send  data  to 
the  next  site  on  the  chain  as  It  receives  the  data  itself,  without 
the  necessity  of  considering  other  issues.  Thus,  the  priority 
scheme  might  depend  only  upon  the  nature  of  the  data  Itself. 

4.  In  the  event  of  site  loss,  the  reconfiguration  is  automated  and 
immediate  (the  chain  closes). 


S' 
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DISADVANTAGES  OF  CIRCULAR  CHAIN  METHOD: 

1.  It  may  prove  too  simplistic  for  future  needs. 

RANDOM  METHOD:  Backup  selection  may  be  done  at  random.  The  function, 
f(a,b),  would  involve  random  generation  of  a  positive  number  for  each 
pair,  (a,b).  This  could  be  done  allowing  or  disallowing  two  pairs  to 
have  the  same  number. 

ADVANTAGES  OF  RANDOM  METHOD: 

1.  The  methoa  would  be  difficult  for  the  enemy  to  decipher. 
DISADVANTAGES  OF  RANDOM  MFTHOD: 

1.  There  would  be  no  control  over  such  issues  as  backup  loads,  corridor 
immunity,  etc. 

TRUNCATED  METHODS:  Primary-only  and  primary-secondary  backups  are 
generated  using  each  of  the  functions  above.  These  methods  are  included 
in  this  study  for  comparison  purposes. 

A  systematic  evaluation  of  these  and  other  alternatives  is  needed. 
There  are  many  characteristics  which  need  to  be  evaluated.  One  of  the 
most  critical  is  survivability. 

IV.  INITIALIZATION  AND  RECOVERY 

At  least  one  view  of  a  future  TACS  involves  the  following 
concepts: 

2 

1.  The  C  elements  are  mobile. 

2.  Each  element  contains  part  of  the  distrlbuted.database. 

3.  The  communication  network  is  separate;  the  C^  element  drives  up  and 
plugs  in  to  a  communication  node. 

In  this  view,  at  least,  parts  of  the  database  will  be  separated 

2 

from  the  whole  while  the  C  element  drives  to  its  location.  Those  parts 
of  the  database  will  miss  updates  in  the  interim.  Upon  plugging  in, 
they  must  be  treated  as  candidates  for  either  site  initialization  or 
recovery.  Wartime  attrition  will  lead  to  other  situations  where 
recovery  is  necessary;  for  example,  the  communication  node  into  which 
the  element  is  plugged  might  be  lost,  forcing  the  element  to  move  to 
another. 

A  method  for  handling  database  site  initialization  and  recovery  has 
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been  described  by  others1.  The  necessary  information  is  transferred  as 
a  very  large  database  transaction,  under  the  system's  usual  method  of 
concurrency  control.  This  tidy  solution  can  probably  be  used  for  all 
but  the  most  perishable  data,  provided  the  concurrency  control  method  is 
carefully  designed  to  maximize  responsiveness  (see  next  section). 

The  problems  implicit  in  handling  very  perishable  data  should  be 
addressed.  Such  Information  as  air  surveillance  may  be  worthless 
several  minutes  after  it  is  generated.  A  tactical  air  control  system 
must  deal  with  some  information  that  has  an  expected  useful  lifetime  of 
a  few  seconds.  Normal  distributed  database  methods  may  or  may  not  be 
sufficiently  responsive.  If  not,  alternative  approaches  shoulu  be 
investigated. 

V.  CONCURRENCY  CONTROL 

Concurrency  control  consist  of  a  set  of  rules  and  procedures  which, 
in  a  multiuser  system  (such  as  a  TACS  database),  guarantee  a  given  user 
non-interference  by  other  concurrent  users.  Host  database  systems  use 
some  form  of  "locking"  for  concurrency  control.  A  lock  on  a  data  unit 
is  a  "pass"  granted  one  transaction  that  renders  the  unit  "off  limits" 
to  other  concurrent  transactions  that  might  interfere.  Within  the 
system  sach  user  transaction  is  handled  by  a  transaction  manager  (TM). 
A  lock  is  requested  by  a  transaction  manager  from  a  lock  manager.  A 
requesting  transaction  manager  is  either  granted  or  denied  the  lock  by 
the  lock  manager.  A  TM  owning  a  lock,  releases  it  when  finished  with 
the  unit.  A  common  method  for  synchronizing  this  activity  within  a 
transaction  is  two  phase  locking  .  Two  phase  locking  (2PL)  requires 
that  all  locks  be  acquired  before  any  are  released. 

When  conflicting  lock  requests  are  made  on  behalf  of  concurrent 
transactions,  a  protocol  within  the  system  must  arbitrate  in  such  a  way 
that  each  transactions  in  turn  gets  the  lockable  unit  (deadlocks  in 
which  both  wait  forever  must  be  avoided  or  resolved).  Many  concurrency 

Q 

control  methods  exist  to  handle  this  arbitration  (for  a  survey,  see  ). 

A  common  application  in  a  future  TACS  database  system  would  involve 
the  generation  of  composite  or  summary  information  using  many  items  of 
raw  data.  Such  a  transaction  would  require  locks  on  a  set  of  lockable 
units  but  in  no  particular  order  (set  of  requests  rather  than  a 
sequence).  Much  time  can  ue  lost  if  a  lock  is  requested  for  a  unit 
which  is  not  available,  forcing  the  transaction  to  become  blocked 
(execution  suspended)  waiting  for  that  lock  while  other  needed  locks  are 
available.  Since  much  of  the  TACS  data  is  very  perishable,  these  delays 
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New  methods  for  handling  sot  look  requests  were  formulated  and 
tested  during  the  second  half  of  the  SFRP  effort.  The  rest  of  this 
section  contains  a  description  of  this  work.  First,  the  methods  are 
described.  Next,  the  Concurrency  Control  Simulation  evaluator  is 
described.  Finally,  simulator  results  are  presented. 

NEW  LOCK  MANAGERS 


The  system  Is  assumed  to  employ  locks  for  concurrency  control  and  a 
deadlock  detection  method  which  will  eventually  allow  a  transaction  to 
complete,  even  In  the  face  of  repeated  deadlocks.  The  following  lock 
managers  (LMs)  were  defined: 

LMO  accepts  lock  requests  from  transaction  managers  (TMs),  queues 

requests  to  locked  units,  responds  to  the  request  only  when  lock  becomes 

available  to  the  requesting  TM.  Thus,  with  LMO,  TMs  are  blocked  (from 

further  processing)  while  waiting  far  LMO  to  respond  and  the  lock  comes 

a 

with  the  response.  This  is  the  standard  method  of  lock  management  . 

LM1  Is  a  new  lock  management  technique  which  has  two  lock  request 
entry  points:  one  blocking  and  one  non-blocking.  The  blocking  request 
is  as  In  LMO.  The  non-blocking  request  returns  True  or  False,  depending 
on  whether  the  lock  is  presently  available. 

Function  LM1(Lockable_unit_lD,  Lock_level,  Transaction^) :  Boolean; 
Begin  ” 

If  Lockable_unit_ID  is  available  at  Lockjlevel  then  begin; 

Record  lock  for  Transaction_ID; 

LM1  ;«  True 
End 

Else  LM1  :*  False  ; 

End; 


LM2  goes  one  step  further.  If  the  lock  is  not  available,  the 
transaction  is  entered  into  its  queue. 

Function  LM2(Lockable_unit_ID,  Lock_level,  Transaction_ID):  Boolean; 

Begin 

If  Lockable_unit_ID  already  locked  by  Transaction_ID 
or  is  available  at  Lock_level  then  begin 
Record  lock  for  Transaction_ID; 

LM2  ;*  True 

End 

Else  Begin 

If  Transaction_ID  not  in  Lockable_unit_ID  queue  then 
place  Transaction_ID  in  Lockable__unit_ID  queue; 

LM2  :*  False 

End; 


LM3  is  constructed  so  that  it  can  be  given  a  list  of  requests  and 
Instructed  to  unblock  the  transaction  and  return  the  lockable  unit's  ID 
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when  any  of  the  lockable  units  become  available. 

LM3  has  three  entry  points:  LM3I  for  nonblocking  requests,  LM3W  for 
multiple  blocking  requests,  and  LM3R  for  releasing  locks  (the  release 
portions  of  LMO,  LM1  and  LM2  were  omitted  due  to  simplicity).  LM3 
generates  a  blocking  request  list  as  it  receives  unsuccessful 
nonblocking  requests. 


Function  LM3(Lockable_unit_ID,  Lock_level,  Transaction_ID) :  Boolean; 

Begin 

If  Lockable_unit_ID  is  locked  by  Transaction_ID 
or  is  available  at  Lock_level  then  begin; 

Record  lock  for  Transaction_ID; 

LM3  ;=  True 
End 

Else  Begin 

If  Transaction_ID  is  not  in  Lockable_unit_ID  queue  then 
place  Transaction_ID  in  Lockable_unit_ID  queue; 

If  or-list  for  Transaction_ID  doesn't  exist  then 
create  an  or-llst  for  Transaction_ID; 

Insert  Lockable  unit_ID  in  or-list; 

LH2  :s  False 
End 
End; 

Function  LM3W(Transaction_ID) :  Lockable_unit_ID_type; 

Begin 

If  or-llst  is  empty  or  non-existent  then  LH3W  :s  error 
Else  If  no  lock  in  the  or-list  is  available  then  begin 
Block  Transaction_ID; 

Dispatch  another  transaction 

End 

Else  begin 

Select  an  awarded  lock; 

Remove  that  lock  from  the  or-list; 

LM3W  i-  Lockable  unit_ID 

End 

End; 

Procedure  LM3R(Lockable_unlt_ID) ; 

Begin 

If  Lockable_unlt_ID's  queue  is  nonempty  then  begin 
Award  the  lock  to  a  transaction  from  the  queue; 

If  transaction  is  waiting  then  begin 
Remove  that  lock  from  the  or-list; 

Place  the  Lockable_unit_ID  where  the  transaction 
expects  a  return  value  from  LM3R; 

Unblock  the  transaction 
End 
End 
End; 

TRANSACTION  MANAGERS 

A  transaction  manager  (TM)  is  an  entity  that  interprets  high-level 
queries  by  issuing  lower-level  requests,  including  negotiations  with  the 
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lock  manager.  Transaction  manager  0  (TMO)  below  show  the  usual  way  a 
transaction  manager  deals  with  a  set  request: 

Begin 

For  i  :*  0  to  n  do  begin 

LM0(D,,  Lock_level,  Trans_ID); 

Process  D.  “ 

End  1 

End; 

It  is  possible  to  propose  many  TMs  that  use  LM1  and  LH2.  One 
approach  would  be  to  make  no  blocking  requests  at  all,  but  to  make 
non-blocking  requests  for  each  unprocessed  unit  in  turn  until  all  have 
been  processed.  This  would  Involve  busy  waiting:  it  never  blocks  but 
sometimes  will  find  no  locks  available;  the  wait  involves  successive 
unsuccessful  calls  on  the  lock  manager.  A  busy  deadlock  is  also 
possible:  T^  holds  a  lock  on  and  requests  one  on  ^  holds  a  lock 
on  and  requests  one  on  D^;  each  pesters  the  lock  manager. 

There  is  no  guarantee  of  successful  completion  with  unlimited 
non-blocking  requests.  There  must  be  an  upper  limit  on  the  number  of 
non-blocking  requests  made  between  blocking  requests.  TH1  makes 
blocking  requests  only  when  an  entire  pass  through  the  lockable  units 
with  non-blocking  requests  finds  none  available. 

TM1 : 

Begin 

While  unprocessed  units  remain  do  begin 

Repeat  process  list  using  non-blocking  requests 
Until  a  pass  through  the  list  finds  all  units  locked; 

If  at  least  one  unprocessed  unit  remains  then 

pick  an  unprocessed  unit  and  make  a  blocking  request  for  it 
End 
End; 

TM2  below  makes  one  pass  through  the  list  of  lockable  units  (LUs) 
using  non-blocking  requests  and  then  arbitrarily  selects  an  unprocessed 
LU  to  wait  for.  These  two  processes  are  alternated  until  no  LUs  remain 
unprocessed.  It  differs  from  TM1  in  that  it  never  makes  multiple 
consecutive  non-blocking  passes  through  the  list  before  making  a 
blocking  request. 

TM2: 

Begin 

While  unprocessed  LUs  remain  do  begin 

process  list  of  LUs  using  non-blocking  requests; 

If  at  least  one  unprocessed  LU  remains  then 

pick  an  unprocessed  LU  and  make  blocking  request 

End 

End; 
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As  the  simulation  data  shows,  cutting  down  on  the  number  of  non-blocking 
requests  relative  to  the  blocking  requests  seems  to  hurt  performance. 
TM3  is  proposed  to  improve  that  ratios 

TM3: 

Begin 

Process  list  of  LUs  using  non-blocking  requests; 

Process  list  of  LUs  using  blocking  requests 
End; 

LM3  would  be  used  with  a  simple  transaction  manager,  TM4: 

Begin 

Make  pass  through  list  using  LM3I; 

While  at  least  one  unprocessed  unit  remains  do 
Process  (LM3W(Transaction  ID)) 

End 

CONCURRENCY  CONTROL  METHOD  EVALUATOR 

A  program  was  written  in  Pascal  to  simulate  a  small  part  of  the 
database  system  in  order  to  obtain  a  comparison  of  the  new  transaction 
and  lock  managers.  The  new  transaction  and  lock  managers  do  not  improve 
the  correctness  of  the  database  management  system,  only  the  performance. 
Estimates  of  that  performance  will  help  determine  the  relative  worth  of 
the  various  methods.  The  simulation  employs  Monte  Carlo  techniques  in 
order  to  produce  reasonable  answers  in  reasonable  time. 

Performance  evalutlon  involved  system  performance  (speed)  and  did 
not  attempt  to  Include  considerations  of  survivability  and  robustness 
under  external  changes.  This  seems  justified  in  light  of  the  assumption 
that  concurrency  control  is  applied  as  locally  as  possible.  Thus,  the 
concurrency  control  method  choice  can  be  made  to  have  little  or  no 
effect  on  the  survivability  and  robustness  of  the  system. 

The  simulation  assumes  a  transaction  exists  which  needs  locks  on  a 
number  of  lockable  units  (LUs).  Each  LU  has  associated  wfth  it  a  delay 
time,  the  amount  of  time  it  will  take  the  transaction  to  process  the 
unit  once  it  gets  a  lock.  The  time  required  to  acquire  an  available 
lock  is  taken  as  the  time  unit.  The  transaction  will  find  certain  LUs 
available  at  certain  times  but  not  at  others.  For  each  LU,  the  program 
randomly  generates  intervals  in  the  future  during  which  the  LU  would  be 
unavailable  (locked  by  another  TM)  ir  the  absence  of  the  transaction 
under  consideration.  Queue!  of  fairly  stable  length  tend  to  form 
waiting  for  high  activity  LUs.  Such  queues  are  randomly  generated  as 
well. 

Thus,  the  input  to  the  simulation  consists  of  a  column  of  lockable 
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unit  numbers  (1,2,...,n);  a  column  of  LU  processing  delay  numbers  (3  to 
15  time  units);  zero  or  more  randomly  generated  Intervals  of 
unavailability  listed  under  the  Aotlvlty  columns;  and  randomly  placed 
fixed  length  queues  listed  under  the  Activity  columns  (*  -  65  Indicates 
a  queue  of  fixed  length  65  will  always  exist  for  this  LU). 

The  program  simulates  tho  actual  execution  of  a  transaction  in  the 

activity  environment  described  above  and  calculates  the  total  time  that 

the  transaction  will  have  to  be  active  under  the  various  combinations  of 

Lock  Managers  and  Transaction  Managers.  In  addition  to  the  Time  Active 

column,  there  is  a  column  indicating  the  total  number  of  lock  requests 

that  were  made.  A  lock  request  takes  system  time  which  affects  the 

overall  system  performance,  but  is  not  reflected  in  the  Time  Active 

column.  Therefore  a  column  labeled  Evaluation,  which  shows  the  Time 

2 

active  multiplied  by  1  +  (number  of  additional  lock  requests)  is 
Included  to  give  a  composite  evaluation  of  performance. 

The  first  row  of  the  output  table  is  labeled  "Optimal".  A 
carefully  pruned  tree  search  of  all  possibilities  was  used  to  produce  a 
crystal-ball  calculation  of  the  minimun  time  active,  given  full 
knowledge  of  the  unavailability  Intervals  and  queues.  Since  the 
unavailability  Intervals  were  known,  no  additional  lock  requests  were 
made.  Thus,  the  Evaluation  of  Optimal  equals  the  minimum  time  active. 
The  final  columr  expresses  the  Evaluation  in  ratio  with  the  optimal 
Evaluation. 

Appendix  B  contains  the  average  results  of  several  runs  of  the 
simulation  for  several  sizes  of  transactions  at  a  moderate  activity 
density. 

Mo  combination  of  transaction  and  lock  managers  has  enough 
information  to  achieve  optimal  performance.  It  was  possible  to  simulate 
optimality  only  because  all  conflicts  were  known  in  advance.  TM4/LM3 
achieved  the  best  performance  in  the  simulation,  but  might  prove 
difficult  to  implement.  TM3/LM2  performed  almost  as  well  as  TM4/LM3  and 
might  constitute  a  good  practical  choice. 

The  TACS  Database  System  might  be  designed  to  use  different 
transaction  managers  in  different  circumstances.  TMO  might  be  used  to 
reduce  the  CPU  time  consumed  in  lock  requests  when  there  is  little 
database  activity,  and  a  different  manager  used  to  Improve  response  time 
when  activity  is  heavier. 

V.  RECOMMENDATIONS 

Evaluation  of  design  alternatives  in  all  six  if  the  areas  detailed 


In  Section  II  should  be  a  major  part  of  a  future  research  effort. 
Programs  similar  in  nature  to  the  Distributed  Operations  Survivability 
Evaluator1^  and  Concurrency  Control  Simulation  (described  above)  should 
be  designed  to  compare  alternatives  with  respect  to: 

1.  Survivability  under  attack 

2.  Robustness  under  external  changes 

3.  Efficiency  and  processing  speed 

4.  Appropriateness  for  future  TACS  databases  (adherence  to  the 
principles  listed  in  section  II) 

For  example,  a  Data  Backup  Survivability  Evaluator  should  be 
aesigned  to  estimate  surviving  Mission-Operational-Capacity  following  a 
series  of  simulated  attacks.  The  method  of  data  replication  would  be 
varied  from  one  run  of  the  simulation  to  another.  The  results  of  the 
series  of  simulations  would  provide  a  basis  for  preliminary  evaluation 
of  the  theoretical  advantages  and  disadvantages  listed  in  section  III. 

The  special  problems  of  perishable  data  should  be  addressed  early. 
We  recognize  the  possibility  of  the  emergence  of  a  system  that  cannot  be 
made  to  perform  adequately.  Again,  simulations  should  help. 
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APPENDIX  B 

AVERAGE  RESULTS  OF  CONCURRENCY  CONTROL  SIMULATION  WITH  MEDIUM  ACTIVITY 


Parameters  Probability  Mean  Std.  Dev. 

Potential  conflicts  0.010  150  50 

Queues  0.100  250  80 


Averages 

for 

5  lockable  units: 

TM 

LM 

Time  Active 

Lock  Requests 

Evaluation 

Eval/OptEval 

Optimal 

183.5 

5.0 

183.50 

1.000 

0 

0 

259.0 

5.0 

259.00 

1.411 

1 

1 

254.0 

8.3 

361.32 

1.969 

1 

2 

192.9 

8.1 

264.61 

1.442 

2 

1 

253.4 

6.9 

291.88 

1.591 

2 

2 

192.9 

6.8 

217.84 

1.187 

3 

1 

252.8 

6.3 

269.84 

1.470 

3 

2 

192.9 

6.3 

205.89 

1.122 

4 

3 

190.8 

6.3 

203.70 

1.110 

Averages 

for 

10  lockable 

units: 

TM 

LM 

Time  Active 

Lock  Requests 

Evaluation 

Eval/OptEval 

Optimal 

207.6 

10.0 

207.55 

1.000 

0 

0 

427.3 

10.0 

427.25 

2.059 

1 

1 

382.5 

15.5 

498.21 

2.400 

1 

2 

243.2 

15.1 

305.22 

1.471 

2 

1 

381.0 

13.1 

418.86 

2.018 

2 

2 

244.9 

12.8 

263.42 

1.269 

3 

1 

381.0 

12.3 

401.10 

1.933 

3 

2 

245.9 

12.3 

258.91 

1.247 

4 

3 

236.1 

12.3 

248.54 

1.197 

Averages 

for 

15  lockable  > 

units: 

TM  1 

LM 

Time  Active 

Lock  Requests 

Evaluation 

Eval/OptEval 

Optimal 

257.1 

15.0 

257.10 

1.000 

0 

0 

586.2 

15.0 

586.20 

2.280 

1 

1 

486.4 

22.3 

599.97 

2.334 

1 

2 

303.1 

21.7 

363.57 

1.414 

2 

1 

484.0 

19.3 

52'..  91 

2.034 

2 

2 

305.0 

18.9 

325.04 

1.264 

3 

1 

491.0 

17.6 

506.32 

1.969 

3 

2 

306.3 

17.6 

315.81 

1.228 

4 

3 

298.0 

17.6 

307.30 

1.195 

Averages 

for 

20  lockable  units: 

TM  LM 

Time  Active 

Lock  Requests 

Evaluation 

Eval/OptEval 

Optimal 

299.0 

20.0 

299.00 

1.000 

0 

0 

845.0 

20.0 

845.05 

2.826 

1 

1 

1 

663.0 

29.7 

819.02 

2.739 

1 

2 

383.8 

28.4 

451.50 

1.510 

2 

1 

660.8 

26.3 

725.39 

2.426 

2 

2 

385.5 

25.5 

415.13 

1.388 

3 

1 

661.2 

24.0 

686.99 

2.298 

3 

2 

390.4 

24.0 

405.58 

1.356 

4 

3 

380.5 

24.0 

395.29 

1.322 
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Structural  changes  which  nay  ocour  in  the 
glycosaminoglycana  of  cornea  with  development,  maturation, 
and  senescence  were  investigated  using  laser  Raman 
spectroscopy.  Keratan  sulfate  and  chondroitin  sulfate  were 
extracted  from  bovine  cornea  after  proteolytic  digestion  and 
fractionated  on  a  ECTEOLA  cellulose  column.  After 
characterization  of  the  isolated  fractions,  spectra  were 
obtained  on  a  modified  commercial  Raman  spectrophotometer 
using  the  514.5  nm,  488.0  nm,  and  476.1  nm  lines  of  an  argon 
laser.  Spectra  were  obtained  with  parallel  and  perpendicular 
polarization  and  on  the  Stoke's  and  anti-Stoke's  lines. 
Suggestions  are  made  for  changes  in  sample  handling  and 
instrumentation  to  improve  the  quality  of  the  spectra 
obtained . 
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I. INTRODUCTION 


We  have  begun  investigation  into  the  structure  of 
corneal  stroma  by  Laser  Raman  Spectroscopy  in  order  to 
develop  a  non-invasive  probe  to  monitor  both  physiological 
changes  and  changes  which  occur  on  development,  maturation, 
and  senescence  as  a  result  of  structural  changes  in 
constituent  glycosaminoglycans. 

Among  the  biological  macromolecules,  the  proteoglycans, 
and  particularly  their  polysaccharide  siaechains,  are  of 
special  interest  because  of  their  apparent  physiological 
role.  The  primary  role  of  these  extracellular  materials  io 
structural  in  that  they  bind  together  cells  and  organs 
However,  since  all  substances  passing  from  cell  to  cell  pass 
through  this  connective  tissue,  the  composition  and  physical 
state,  particularly  of  the  hydrated  matrix,  is  believed  to  be 
an  important  influence  in  the  metabolism  of  cells.  The 
matrix  of  the  proteoglycan  has  been  associated  with 
physiological  processes  such  as  control  of  electrolytes  and 
water  in  extracellular  fluids,  lubrication,  calcification, 
and  wound  healing. 

In  general,  the  proteoglycans  consist  of  a  protein-core 
whose  corneal  macromolecular  structure  is  little  known. 
Glycosaminoglycan  3idechains,  either  keratan  sulfate  or  pure 
or  sulfated  chondroitin,  are  attached  to  this  protein-core 
through  O-glycosidic  or  N-glycosidic  bonds. 
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The  disaccharido  repeating  units  of  keratan  sulfate  and 
chondroitin-4-sulfate  are  shown  in  Figures  1  and  2 
respectively . 


I 


Figure  2.  Chondroitin-4-sulfate 


The  repeating  unit  of  keratan  sulfate  is  N- 
acetylglucosamine  and  galactose  polymerized  through  1-  3/4- 
glycosldio  linkages  with  the  glucosamine  moiety  sulfated  in 
the  C-6  position.  The  repeating  unit  of  chondroitin-4- 
sulfate  is  composed  of  glucuronic  acid  bound  to  N- 
acetylgalactosamine  through  1-3  /$  -glycosidio  bonds  and 
polymerized  through  1-4/4  -glyoosidic  bonds.  The 
galactosamine  moiety  in  cornea  is  either  non-sulfated  or 
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aulfated  in  the  C-4  position  as  shown.  Keratan  sulfate 
constitutes  about  67Z  of  corneal  glycosaminoglycan3  with  pure 
or  aulfated  chondroitin  constituting  the  remainder  in  corneal 
stroma . 

Recent  studies  have  demonstrated  the  feasibility  of 
using  laser  Raman  spectroscopy  as  a  structural  probe  in 
biophysical  aspects  of  eye  research  (1,2).  The  success 
achieved  in  the  determination  of  sulfhydryl  concentration 
changes  along  the  optical  axis  during  aging  suggests  its  use 
in  determining  structural  changes  in  corneal 
glycosaminoglycans  .  No  precedent  for  this  study  exists  in 
the  biochemical  literature  although  spectra  of  intact  feline 
cornea  collagen  have  been  reported  (3). 

Biological  applications  of  Raman  spectroscopy  have 
increased  with  the  advent  of  reliable  instrumentation,  in 
particular,  laser  sources.  Raman  spectroscopy  offers  several 
advantages  over  traditional  methods  in  determining  structural 
characteristics  of  biomolecules.  Spectra  are  amenable  to 
molecular-level  interpretation  with  accessible  low-frequency 
modes  sensitive  to  conformational  changes  in  the  molecule. 
Sample  size  requirements  are  small  and  spectra  can  be 
obtained  in  the  liquid  or  solid  phase  or  in  solution.  There 
is  minimal  interference  by  water  in  the  spectral  region  from 
200C-200  cm"1  and  hence  aqueous  solutions  of  biological 
systems  may  be  studied.  The  primary  disadvantage  encountered 


la  biological  systems  Is  the  interference  from  fluorescent  or 
luminescent  background  which  accompanies  irradiation  of 
biological  systems  with  intense  laser  sources  (4,5). 

II.  OBJECTIVES 

The  proteoglycans  of  corneal  tissue  play  an  Important 
role  in  the  structural  organization  of  the  cornea  and 
ultimately  in  its  entire  hydration  characteristics  and 
transparency.  These  biological  macromolecules  are  of 
significance  in  the  determination  of  the  overall  architecture 
of  the  extracellular  matrix  and  there  is  evidence  of 
variation  of  concentration  of  keratan  sulfate-like  components 
of  tissue  with  development,  maturation,  and  senescence.  This 
study  focused  attention  on  the  structure  of  proteoglycans  and 
their  age  related  ohmges.  Specifically,  the  objectives 
were: 

1.  To  obtain  the  laser  Raman  speotra  of  extracted 
proteoglycans  and  determine  the  groups  responsible  for 
the  spectral  lines  observed. 

2.  To  develop  techniques  for  the  determination  of  spectra 
for  the  intact  cornea. 

3.  To  use  Raman  spectroscopy  as  a  non-invasive  structural 
probe  to  elucidate  changes  in  proteoglycan  nature  and 
oonoentration  in  cornea  as  a  function  of  age. 

This  study  began  with  extensive  literature  searches  on 

116-6 


V  V 


L  1,  *«*<• 


/*  j*  -  J*  . 


./j 


vs 

Ki 

ttij Ti 

n 

k 

I 


*%*  * 


Wyi 


the  age  related  changes  in  eornaal  proteoglycans  and  on  the 
Raman  spectroscopy  of  proteoglycans  or  glycosaminoglycans. 
Neither  problem  had  been  previously  reported  In  the 
literature.  Therefore,  extraction  and  characterization  of 
glycosaminoglycans  from  cornea  proceeded.  It  was  anticipated 
that  upon  successful  determination  of  Raman  spectra  and 
assignment  of  the  spectral  lines,  the  expertise  of  the 
laboratory  in  determining  laser  Raman  spectra  on  Intact 
animal  lens  would  be  used  to  develop  similar  techniques  on 
bovine  cornea,  the  ultimate  goal  being  to  develop  laser  Raman 
spectroscopy  as  a  probe  for  studying  age-related  changes  in 
corneal  proteoglycans. 

III.  Materials  and  Methods 

The  glycosaminoglycans  were  isolated  and  measured  using 
methods  which  have  been  previously  described  in  detail  in 
earlier  papers  (6,7).  In  brief  j ovine  cornea  were  excised 
at  the  slaughterhouse  less  than  one  hour  post-mortem.  After 
removing  any  residual  sclera,  the  cornea  were  stored  at  -70°C 
until  use.  Fifty-one  thawed  cornea  were  cut  into  small  pieces 
and  suspended  in  200  ml  of  0.1M  phosphate  buffer  with  EDTA 
and  1-cysteine  HC1  added  to  a  final  concentration  of  0.005M 
and  adjusted  to  pH  6.5.  The  material  was  proteolytically 
digested  with  360  mg  of  papain  at  65°C  for  four  hours  with 
stirring.  A  small  amount  of  insoluble  residue  was  removed  by 
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centrifugation  at  7000  x  g  for  30  minutes  and  discarded.  The 
clear  supernatant  was  adjusted  to  5 $  in  sodium  acetate  and 
the  glycosaminoglycans  precipitated  by  the  addition  of  5 
volumes  of  95$  ethanol.  The  preoipitate  was  harvested  by 
centrifugation  and  redlssolved  in  125  ml  of  water. 

ECTEOLA  cellulose  (Sigma  Chemical  Co.)  was  prepared  by 
washing  with  IN  sodium  hydroxide,  IN  hydrochloric  acid,  and 
water.  A  column  2  cm  x  30  cm  was  gravity  packed  with  an 
aqueous  suspension  of  the  prepared  ECTEOLA. 

The  solution  containing  the  corneal  extract  was  applied 
directly  to  this  column  and  washed  in  with  one  bed  volume  of 
water.  The  column  was  eluted  with  two  bed  volumes  0.02M 
hydrochloric  acid,  0.3M  hydrochloric  acid  and  2M  sodium 
chloride  at  a  flow  rate  of  1.5  ml/mlnute  in  sequence  at  room 
temperature.  Th e  a p p ear  a nc e  of  glycosaminoglycans  was 
monitored  by  layering  95$  ethanol  on  the  eluate.  A 
precipitate  at  the  interface  indicated  the  presence  of  the 
desired  material.  The  water  and  0.02  M  hydrochloric  acid 
eluates  were  subsequently  rechromatographed  with  a  similar 
procedure  with  2M  ammonium  formate  replacing  the  0.3M 
hydrochlorio  acid  in  the  elution. 

Glycosaminoglycans  were  obtained  from  solution  by 
alcohol  precipitation.  The  column  eluates  were  adjusted  to 
2.5$  in  sodium  acetate  and  5  volumes  of  95$  ethanol  was 
added.  After  standing  overnight  at  room  temperature,  the 
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precipitate  was  harvested  by  centrifugation,  washed  with  95$ 
alcohol  and  air  dried. 

The  hexose  content  of  the  extracted  glycosaminoglycans 
was  determined  by  anthrone  (8).  Glucose  served  as  the 
standard.  Uronic  acid  content  was  determined  by  a  modified 
carbazole  reaction  (9)  with  D-glucuronic  acid  lactone  serving 
as  standard.  Total  hexosamine  content  was  obtained  by  a 
modified  Elson-Morgon  test  after  hydrolysis  of  the  sample  in 
6N  hydrochloric  acid  in  sealed  tubes  at  95°C  for  six  hours 
( 10)  . 

Spectra  were  recorded  on  a  Varian  Model  82  Laser  Raman 
Spectrophotometer  equipped  with  a  triple  grating 
monochromator.  The  excitation  source  was  a  Spectra  Physics 
Model  164  Argon  laser  equipped  with  a  Spectra  Physics  Model 
265  Exciter.  Wavelengths  available  were  514.5  nm,  488.0  nm, 
and  476.5  nm.  The  Raman  lines  were  detected  by  photon 
counting  using  a  Thorn  Emi  Gencom  Model  Fact-50  MKIII 
photomultiplier  cooled  to  -25.5°C  and  powered  with  a  Emi 
Gencom  Model  3000R  power  supply.  The  analog  output  from  a  C- 
10  photon  counter  (  Thorn  Emi  Gencom)  was  recorded  on  a 
Hewlett-Packard  x-y  recorder.  The  x  input  was  obtained  from 
a  5k  precision  potentiometer  mechanically  coupled  to  the 
monochromator  and  powered  by  a  variable  DC  voltage  supply 
with  0-5V  covering  a  2000  cb"'  range,  selectable  from  0-2000 
OB*'  or  2000  -  4000  cm"'.  Spectra  were  recorded  with  reduced 
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ambient  room  light  to  reduce  dark  current  oount.  The 
spectrophotometer  was  equipped  for  parallel  or  perpendicular 
polarization  with  an  optioal  polarization  aorambler 
available.  Samples  were  run  in  either  a  lorn  x  2cm  x  4cm 


rectangular  cell  or  in  a  cylindrical  cell  of  approximately 
2.7  mm  I.D.  x  3  cm. 


The  ECTEOLA  chromatography  of  the  glycosamlnoglycans 
from  oorneal  tissue  resulted  in  two  fractions.  The 
analytical  data  on  each  is  given  in  Table  1. 


Table  1 . 


Eluate 


Hexose,  J 


Hexuronic  acid,  $ 


2H  Formate 


2H  Chloride 


Lexosamine,  $ 
Hexose/ Hexosamlne* 


Hexuronic  acld/Hexosamine* 


Hexose/Hexuronlc  acid* 


Yield,  mg  163  140 
•  Molar  ratio 

The  ECTEOLA  technique  does  not  give  complete  separation 
of  glucosaminoglycans  from  galactosaminoglycans.  However, 
over  80$  of  the  total  glucosaminoglycans  is  recovered  in  the 
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2M  sodium  chloride  fraction.  Since  only  two  eluting 
solutions  were  used,  the  2.0M  ammonium  formate  eluted 
carbazole  positive  o h o n d r o i t i n- 4 - su 1 f a t e  and  mixed 
chondroitin  and  keratan  sulfates  in  the  earlier  stages  of  the 
chromatography  while  the  2.0M  sodium  chloride  solution 
yielded  essentially  pure  keratan  sulfate  in  the  latter  stages 
as  expected.  This  is  indicated  by  the  molar  ratio  of  hexose 
to  hexosamlne  of  unity  and  the  absence  of  significant 
carbazole  positive  material  in  the  fraction. 

The  major  changes  expected  in  the  structure  in  the 
corneal  proteoglycan  during  development  and  aging  are  in  the 
size  and  glycosam inoglycan  composition.  Although  the 
information  on  age  related  changes  in  corneal  keratan  sulfate 
is  limited,  there  is  ample  evidence  from  other  tissues  to 
warrant  a  detailed  study  on  this  species.  Moreover,  recent 
studies  on  rabbit  cornea  indicate  that  there  are  changes  in 
the  relative  distribution  of  the  glycosaminoglycan  components 
as  a  function  of  age.  The  ratio  of  non-uronic  acid 
containing  glycosaminoglycans  (keratan  sulfate)  to  the  uronic 
acid  containing  glycosaminoglycans  decreased  with  age  (11). 
Based  on  studies  on  human  articular  cartilage  (12),  the 
following  types  of  changes  in  glycosaminoglycans  can  be 
anticipated  with  increasing  age:  increases  or  decreases  in 
content  of  the  proteoglycan  coupled  with  increases  or 
decreases  in  size;  changes  in  the  relative  amounts  of  keratan 
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and  chondroitln  sulfates;  Increases  or  decreases  in  the 
protein  concentration  relative  to  the  glycosamlnoglycan 
content;  change  In  the  protein  core  with  respect  to  amino 
acid  profile. 

Raman  spectra  were  initially  attempted  on  aqueous 
solutions  of  the  formate  fraction  and  chloride  fraction  at 
the  25  mM  and  12.5  aH  level  respectively.  In  both  cases, 
strong  background  fluorescence  was  observed.  Ultraviolet 
spectra  on  each  sample  Indicated  intense  UV  absorption  bands 
at  260  nm  and  220  nm.  The  bands  are  not  characteristic  of 
the  polysaccharide  structure  attributed  to  the 
glycosaminoglycans.  Although  fluorescent  species  have  been 
reported  in  oornea  (13,14),  It  was  concluded  that  the  source 
of  the  UT  absorption  and  fluoresoence  was  residual  amino  acid 
remaining  with  the  glycosamlnoglycan  subsequent  to  Incomplete 
proteolytic  digestion.  Much  of  the  remaining  spectroscopy 
was  devoted  to  attempts  to  reduce  this  background 
interference . 

Sample  concentration  was  increas'd  to  the  0.1M  level  in 
order  to  overcome  the  effects  of  the  fluorescent  background. 
A  cylindrical  cell  which  would  accommodate  0.5  ml  of 
solution  was  constructed  and  an  eightfold  increase  in 
intensity  was  anticipated.  The  improvement  in  the  spectra 
were  minimal.  Additionally,  laser  excitation  wavelengths  were 
varied  in  order  to  move  away  from  the  excitation  wavelength 
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for  fluorescence.  The  wavelengths  available  other  than  than 
514.5  nm  were  488.0  nm  and  476.5  ni.  In  both  cases,  there 
was  only  minimal  Improvement  In  the  quality  of  the  spectra 
obtained.  Several  other  techniques  were  incorporated  with 
varying  degrees  of  success.  Samples  were  run  under 
conditions  of  both  parallel  and  perpendicular  polarization. 
Polarization  reduced  the  level  of  fluorescence  background  but 
the  low  signal  to  noise  ratio  made  interpretation  of  the 
spectra  difficult.  Several  runs  were  mad?  at  increased  laser 
power  (25  amps  current)  with  a  corresponding  reduction  in 
slit  width  (2  cm"1).  Anti-stokes  Raman  spectra,  which  are 
unaffected  by  the  intense  luminescent  background,  were  also 
run.  The  best  spectra  were  obtained  under  the  following 
conditions:  The  excitation  wavelength  was  488.0  nm  and  the 
spectra  were  obtained  with  parallel  polarization.  The 
spectra  were  obtained  with  a  laser  current  of  25  amps  and  the 
slit  width  was  2  cm”1.  The  spectral  region  scanned  was  2000 
cm”1  to  4000  cm”1.  Under  these  conditions,  a  distinct  Raman 
line  could  be  observed  at  2940  cm”1.  Preliminary  assignment 
would  attribute  this  band  to  either  C-H  or  N-H  vibrations, 
both  of  which  are  part  of  the  glycosaminog’ yean  structure. 

V.  BJBCQMMEmilMfi 

Although  the  original  objectives  of  the  project  were  not 
completely  met,  hindsight  indicates  that  these  objectives 
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ware  ambitious  and  would  be  better  served  In  a  project  of 
longer  duration.  It  has  become  clear  that  the  Ideas  advanced 
have  sound  scientific  basis  and  serve  an  area  of  interest  for 
Air  Foroe  researoh.  There  are  several  areas  which  should 
be  explored  as  a  follow-on  to  this  work.  First,  although  it 
is  desirable  to  obtain  speotra  on  the  isolated 
glycosaminoglycans ,  this  approach  is  not  necessarily  a 
prerequisite  to  determination  of  proteoglycan  ohanges  in 
intact  cornea  and  since  it  has  been  demonstrated  that,  spectra 
can  be  obtained  on  these  cornea,  work  in  that  area  should 
proceed.  Secondly,  it  has  been  documented  that  the 
extraction  of  glycosaminoglycans  can  be  achieved  without 
significant  residual  amino  acids.  These  methods  should  be 
explored  so  as  to  minimize  lnterferenoe  from  luminescent 
materials.  The  argon  laser  souroe  should  be  replaced  by  a 
krypton  laser  source  as  the  647.1  nm  line  does  not  excite  the 
intense  fluorescence  associated  with  the  514.5  nm  line. 
Third,  since  the  glycosaminoglycans  form  transparent  films  or 
pellets  when  dried  in  vaauo,  solid  sampling  should  be 
explored  as  an  alternative  to  produce  optimal  sample 
concentration  and  reduce  any  interference  from  water. 

Finally,  since  a  study  will  begin  at  the  author's 
laboratory  on  age  related  changes  in  rat  cornea,  I  recommend 
continued  colloboration  between  the  School  of  Aerospace 
Medicine  and  the  investigator. 
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Kuldip  S.  Rattan 
ABSTRACT 

Raconf iguration  of  flight  control  law  aftar  effector  failure  is 
studied  in  this  effort.  The  objective  of  this  research  is  to  evaluate 
the  control  mixer  concept  which  utilizes  generalized  inverse  to 
distribute  control  authority  among  the  remaining  effectors  after 
failure.  The  unmanned  research  vehicle  (URV)  was  selected  as  a  test  bed 
for  evaluating  this  concept.  A  mathematical  model  containing  split 
surfaces  and  linearized  equations  of  motion  f«.r  coupled  longitudinal  and 
lateral-direction  axes  is  developed.  Control  mixer  gain  matrices  were 
obtained  for  failed  surfaces.  Comparison  of  the  unimpaired  and 
reconfigured  aircraft  were  performed  using  the  Continuous  System  Modeling 
Program  (CSMP)  Difficulties  encountered  with  the  generalized  inverse 
based  control  mixer  concept  are  discussed  and  recommendations  for  further 
research  in  the  area  are  given. 
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I.  INTRODUCTION : 

Present  elrcrsfts  which  employ  fly-by-wire  (FBW)  closed-loop  flight 
control  systems  (PCS)  ere  primarily  designed  with  control  laws  that 
require  each  element  of  the  control  loop  to  perform  properly.  The 
control  laws  will  cope  with  some  failures,  but  with  a  reduced  level  of 
performance.  These  control  laws  are  not  very  efficient  to  exploit  the 
resulting  control  power  if  a  primary  surface  becomes  inoperative  due  to 
combat  damage  or  mechanical  failure.  Stringent  safety-of-flight 
reliability  standards  imposed  on  PCS's  have  resulted  in  the  addition  of 
extensive  redundant  hardware  in  aircrafts.  The  extra  hardware  results  in 
considerable  additional  cost  and  reduces  the  mean  time  between 
maintenance  actions.  Most  aircrafts  have  redundant  control  effectors  and 
excess  control  power  (present  for  performance  reasons)  which  provide  an 
alternative  to  adding  redundant  hardware  through  distributing  the  forces 
and  moments  of  the  failed  surface  to  the  remaining  healthy  control 
surfaces.  Reconfiguration  utilizes  the  existing  redundancy  in  producing 
the  generalized  forces  and  moments  acting  on  the  aircraft,  rather  than 
the  brute  force  approach  of  adding  redundancy  in  actuator  and  servo 
hardware  to  ensure  the  operation  of  the  effectors  after  failure  and 
damage.  This  approach  significantly  increases  the  FCS  survivability, 
while  simultaneously  reducing  support  requirements. 

Reconfiguration  of  flight  control  law  after  effector  failure  is 
studied  in  this  effort.  The  objective  of  this  research  is  to  evaluate 
the  control  mixer  concept1  which  utilizes  the  generalized  inverse  to 
distribute  control  authority  among  the  remaining  effectors  after 
failure.  The  unmanned  research  vehicle  (URV)  wss  selected  as  a  test  bed 
for  evaluating  this  concept.  The  URV.XBQM-106,  is  an  experimental 
aircraft  developed  by  APUAL/PICL  to  study  flight  control  concepts.  The 
URV,  av  opposed  to  a  manned  full  scale  effort,  provide  a  low  risk  low  cost 
test  bed  for  research  in  reconf igurable  flight  control  concepts. 

The  available  mathematical  model  of  the  URV  consisted  of  decoupled 
longitudinal  and  lateral-directional  linearized  equations.  This  model 
did  not  include  split  surfaces.  Only  differential  ailerons,  collective 
elevator,  and  rudder  were  available.  In  order  to  apply  the  control  mixer 
concept  to  the  URV,  the  existing  model  was  modified  for  coupled 
longitudinal  and  lateral-directional  linearized  equations  of  motion.  The 
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modified  model  included  split  elevator  and  ailerons  surface  effectors. 
Using  the  control  effectiveness  matrix  of  the  UHV  and  the  control  mixing 
concept,  new  gain  matrices  were  obtained  for  failed  surfaces.  Comparison 
of  the  unimpaired  and  reconfigured  aircraft  were  performed  using  the 
Continuous  System  Modeling  Program  (CSMP). 

II.  OBJECTIVES 

The  main  objective  of  this  research  is  to  evaluate  the  control  mixer 
concept  which  utilizes  the  existing  redundancy  of  control  surfaces  in 
distributing  the  forces  and  moments  of  the  failed  surfaces  to  the 
remaining  healthy  surfaces.  The  specific  objectives  are 

(1)  To  develop  an  algorithm  for  determining  the  control  mixer  gain 
matrix  when  number  of  outputs  are  greater  than  number  of 
control  surfaces. 

(2)  To  develop  a  mathematical  model  of  the  USV  in  state  variable 
form.  The  model  should  contain  coupling  between  the 
longitudinal  and  lateral-directional  axis  and  include  split 
surface  effects. 

(3)  Computer  simulation  of  the  impaired  and  reconfigured  aircraft 
for  failed  surfaces. 

(4)  To  identify  problems  and  to  find  directions  for  future  research. 


III.  CONTROL  RECONFIGURATION  ALGORITHM  DESIGN 


The  block  diagram  of  the  existing  and  reconfigurable  flight  control 
systems  are  shown  in  Figs.  3.1  and  3.2.  The  objective  of  this  section  is 
to  investigate  the  control  reconfiguration  algorithm  proposed  by  General 
Electric,1  and  to  obtain  the  control  mixer  gain  matrix  for  the  impaired 
URV.  The  GE  algorithm  utilizes  the  impaired  and  unimpaired  control 
effectiveness  matrices  of  the  aircraft  to  produce  the  new  gain  matrix 
through  the  generalized  inverse.  In  this  study  it  is  assumed  that  when 
the  failure  occurs,  the  surface  is  locked  to  the  center  position,  i.e., 
the  input  to  the  aircraft  from  the  failed  surface  is  zero.  Based  on  the 
above  information,  the  control  reconfiguration  algorithm  computes  a  new 
control  mixer  gain  matrix  which  distributes  the  forces  and  moments  of  the 


LINKAGE 


EXISTING  PCS 


failed  surface  to  the  remaining  healthy  surfaces.  Reconfiguration  is 
implemented  as  a  gain-schedule  algorithm.  In  the  absence  of  control 
surface  failure,  the  servo  commands  are  set  equal  to  the  commands  of  the 
unimpaired  aircraft. 

3.1  Control  Mixer  Cains 

The  linearized  continuous  aircraft  state  equatons  of  the  unimpaired 
aircraft  are  given  by 

S(t)  *  A  *(t)  ♦  B  i(t)  (3.1) 

where  j£(t)  is  the  aircraft  state  vector,  4(t)  is  the  aircraft  control 
surface  deflection  vector  and  B  is  the  control  effectiveness  matrix.  Let 
us  suppose  that  there  are  m  states  and  n  control  surfaces.  Therefore  A 
is  a  men  matrix  and  B  is  a  mxn  matrix.  If  the  actuator  dynamics  are 
ignored,  as  in  the  GS  report,1  the  control  surface  deflection  vector.  4 
is  given  by 

4<t>  -  K  u(t)  (3.2) 

where  u(t)  is  a  pilot-plus  FCS  command  vector.  Assuming  that  the  air¬ 
craft  dynamics  remain  the  same,  the  component  of  ij(t)  due  to  control 
inputs  is  given  by 

Xy ( t)  -  BK  u(t)  (3.3) 

where  K  is  a  control  mixer  gain  matrix.  For  the  unimpaired  aircraft, 
eqn.  (3.3)  can  be  written  as 

*u0(t)  -  B0K0u(t)  (3.4) 
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where  B  is  the  control  effectivenesa  matrix  and  K  ia  the  control  mixer 
o  o 

gain  matrix  for  the  unimpaired  aircraft.  When  the  aircrfat  becomea 
impaired,  the  control  mixer  gains  must  be  altered  and  the  state  equatons 
become. 


Sul<t)  ■  BjKj  tjU) 


(3.5) 


where  Bj  ia  the  control  effectiveness  matrix  and  Kj  is  the  mixer  gain 
matrix  for  the  impaired  aircraft.  It  is  desired  that  the  rate  of  change 
of  aircraft  states,  x,  for  any  input  be  unaffected  by  the  impairment. 
Therefore 


B  1C 
0  o 


(3.6) 


Equation  (3.6)  provides  a  design  algorithm  to  determine  the  unknown  gain 
matrix  K^.  Solving  eqn.  (3.6) 

*1  -  Bl^oKo  (3.7) 

where  B*  is  the  pseudo inverse  of  the  matrix  B^  and  depends  on: 


Theorem  3.1: 

If  B^is  a  nonsingular  matrix  (no.  of  state  equations  equal  to  no.  of 
control  variables),  the  solution  of  eqn.  (3.7)  is  given  by 

Kj  «  BfiBoKo  (3.8) 


Theorem  3.2: 

If  B^  is  an  mxn  matrix  (m>n,  i.e.,  no.  of  state  equations  is  greater 

than  no.  of  control  surfaces)  of  rank  n,  then  the  solution  of  eqn.  (3.6) 

T 

that  minimizes  the  sum  of  squares  of  error  S  *  r  r,  where  r  *  B  K  -BTK_, 

o  o  I  I 

is  given  by2 

K_  »  (bJb.)'1  B*B  JC  (3.9) 

X  II  x  O  O 
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If  Bj.  ia  an  *xn  matrix  (a<n,  no.  of  stata  equations  ara  lass  than 
number  of  control  aurfacaa),  than  tha  solution  of  eqn.  (3.6)  that 
sdnisdzes  tha  norm  of  tha  deflection  vactor  is  sivan  by 

*X  "  BoKo  <3l0> 

T  T  2 

Sinca  tha  matrix  or  B^Bj  is  singular,  its  lnvarsa  axista. 

Although  eqns.  (3.8)-(3.10)  provide  tha  solution  for  tha  unknown  gain 
matrix,  they  do  not  address  tha  important  issue  of  control  limits.  An 
inherent  property  of  pseudoinverse  is  to  exploit  excess  degrees  of 
freedom  to  minimize  the  sum  of  squares  of  error  or  norm  of  the  deflection 
vector.  Weighted  least  square  error  or  normalization  of  the  deflection 
by  the  physical  limits  provides  a  convenient  method  to  addressing  this 
problem.  The  burden  of  desired  control  input  is  distributed  among  the 
remaining  healthy  surfaces,  taking  into  account  the  actual  authority  of 
each.  This  is  done  by  modifying  eqn.  (3.7)  as  follows: 

If  8^  is  an  mxn  matrix  (m>n)  of  rank  n,  then  the  solution  of  eqn. 
wBgK^  -  wBQro  in  the  least  square  error  sense  is  given  by 

Kj  -  (wBj) *  wBo*o  (3.11) 

where  w  is  a  weighting  matrix.  Using  the  resu't  of  Theorem  3.2,  eqn. 
(3.11)  can  be  written  as 

KI  -  <BIHiV:  BiWo  <312> 

where  -  wTw.  But  if  Bj  is  an  mxn  matrix  (nKn)  of  rank  n,  the  solution 
of  eqn.  (3.7)  which  distributes  the  control  input,  taking  into 
consideration  the  control  limit,  can  be  obtained  by  p re-normalizing 
with  a  matrix,  AUTH, 

K_  -  AUTH (B-. AUTH )+B  K 
1  l  0  0 


(3.13) 


«r 


a 


The  AUTH  matrix  is  a  diagonal  matrix  and  the  diagonal  elements  represent 
the  physical  control  surface  deflection  liadts.  Using  the  results  of 
Theorem  3.3.  we  can  write  eqn.  (3.13)  as 

*1  *  H2BJ(BlH2BI>TBoKo  <3-l4) 

where  Hj  -  AUTH . AUTHT . 

It  should  be  pointed  out  here  that  the  control  mixer  approach  does 
not  change  the  control  structure  that  computes  the  deflection  vector  A. 
The  advantage  of  this  approach  is  its  simplicity  and  separation  of 
function.  Hence  controller  design  with  no  thought  given  to  actuator 
failure  can  be  combined  with  control  mixer  design  discussed  above. 

IV.  Aircraft  Model  for  URV 

The  original  model  of  the  URV  developed  by  KBC  Corporation3  contained 
linearised  equations  decoupled  along  the  longitudinal  and  lateral- 
directional  axes.  The  model  did  not  split  surfaces.  In  order  to  apply 
the  control  mixer  concept  to  the  URV,  the  model  had  to  be  modified  to 
contain  split  surfaces  and  coupled  longitudinal  and  lateral-directional 
equations.  The  modified  model  can  achieve  lateral-direction  control 
using  longitudinal  control  surfaces  and  longitudinal  control  using 
lateral-directional  control  surfaces.  For  example,  using  the  left  and 
right  elevators  differentially  can  produce  a  rolling  moment.  Also, 
aileron  deflections  in  the  same  direction  can  produce  a  pitching  moment. 
The  ability  to  conrol  the  aircraft  in  this  way  is  essential  if  the  design 
of  effective  reconfigured  control  laws  is  to  be  achieved.  The  aircraft 
is  modelled  using  five  inputs  and  six  outputs: 
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K' 

t: 


Input  t. 


Output* 


Right  Elevator  (4eR) 
Left  Elevator  (4  ) 

§L 

light  Aileron  (4>R) 

Left  Aileron  <4#t> 

Budder  (4  ) 
r 


Angle  of  Attack  (a) 
Pitch  Angle  (0) 
Pitch  Kate  <q) 
Sideslip  Angle  (0) 
loll  Angle  (♦) 

Boll  Rate  (p> 

Yaw  Rate  (r) 


The  linear  perturbation  equations  used  for  this  study  were  obtained 
by  linearizing  the  nonlinear  equations  about  a  nominal  operating  point. 
The  flight  condition  studied  in  this  report  is 

CRU1SE-MACH  -  0.118  at  1S00  ft 

Tables  4-1,  4-2  and  4-3  provide  some  pertinent  data  of  the  URV 

aircraft 


TABLE  4-1 
URV  AIRCRAFT  DATA 

Fuselage  Length 
Wing  Area 

Mean  Aerodynamic  Chord 

Weight 

Actual  C.G. 

Referenda  C.G. 

(mean  aerodynamic  chord) 


122  in 

19.64  ft2 
1.64  ft 

177.1  lb 

9.3  in 

S.99  in 
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TABLE  4-2 

URV  AERODYMAMIC  DATA 


Alitude 

1500  ft 

M(Mach) 

0.118 

(^(velocity) 

131.27 

ft/sec 

I  (Roll  macs  moment  of  Inertia) 

11.18 

slus-ft2 

I^Pitch  mate  moment  of  inertia) 

23.27 

alug-ft2 

I  (yaw  mass  moment  of  inertia) 

**** 

31.30 

slus-ft2 

I  (vertical  plane  mass  cross 
product  of  inertia) 

-1.66 

slus-ft2 

b  (wins  span) 

11.92 

ft 

C  (wins  mean  aerodynamic  chord) 

1.66 

ft 

q  (dynamic  pressure) 

19.5943  ebs/ft2 

s  (wins  reference  arls) 

19.66 

ft2 

TABLE  4-3 

AIRCRAFT  AERODYNAMIC  COEFFICIENTS  IN  THE  STABILITY  AXIS 


a(deg)  »  2.05 

1 

CL  -  0.32 

^  -  -.069 

CD  -  0.0642 

| 

Vaii’  ■<>  os 

Vais’  ‘  -02' 

Vais’  -°-2* 

i 

t 

■Wife’  ■  00124 

■  -  •0422 

S.'afe’  •  0  0" 

\ 

S<fb>  •‘•2S 

i 

! 

Vrk>  -1'22 

s/ik*  *  -4-1 

! 

Side  Force 

Yawing  Mor^nt 

Rolling  Moment 

CFP(35s)  *  -°244 

Vafe*  *  °-0026 

Vais’  ■  -00095 

i 

i 

Vril’  -°-M 

S<rk>  ■ 

Vfij’  --*« 

1 

cFr(riJ)  -  °-63 

Cnr(?a3)  ”  -°-283 

clr(ri3>  3  °-129 

cy4a<3fe)  3  °-00205 

Cni^Jig)  3  -00012 

C‘4#(35s>  3  °-00323 

• 

'Vais’  ■  °-°°J 

'V^’  •  -0012 

C%i  <3eg>  “  °* 00007 

i 

• 

n’ 

*> 

p; 

% 


*» 

r 


T 

V 
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Using  ths  aerodynamic  coefficients  shown  in  Table  4-3,  additional 
stability  derivatives  were  calculated  to  add  split  surface  effects  and 
couple  the  longitudinal  and  lateral  direction  equations.  These  are  shown 
in  Table  4-4. 


TABLE  4-4 

ADDITIONAL  AERODYNAMIC  COEFFICIENTS  NEEDED  FOE  COUPLED  EQUATIONS 


C^4aL<3eg) 

•  .00175 

C‘4aR(3eg) 

-  -.00175 

Cn4aL(3ig> 

-  -.00005 

Cn4aR(3eg> 

-  0.00005 

C‘4eL(aeg} 

-  .000593 

C‘4eH(Seg) 

*  -.000593 

Cn4eL(3ig) 

-  0 

-  0 

C«tt4aL(a^g)  ^a^Se*5  “  -00175 

^eL^5 

^e^aeg*  *  ■,018S 

The  data  of  Tables  4-1  to  4-4,  were  used  to  obtain  a  model  of  t'.» 
URV  in  the  state  variable  form  which  is  given  by 


where 


jj(t)  -  A  x( t)  v  B04(t) 

x(t)  -  (e  8  q  0  ♦  p  r]T 
4(t)  *  4eS  4,l  *a8  *rl* 


117-13 


A-Vv'. 
a  ^ . 


1SI-, 


a 

,1 


r 

- 1 


i 


a 


► 


r 


V.  SIHULATIOII  RESULTS 

The  block  diagram  of  the  existing  control  lew  for  the  URV  is  shown  in 
Fig.  S.l.  The  transfer  functions  of  the  servo  and  rate  sensor  are  given 

by 


servo  »  — Hi - 

S2+25.4s+324 

Bate  sensor  ■  yigg. 


(5.1) 

(5.2) 


The  gains  of  the  rate  sensors  and  the  vertical  gyro,  and  the  linkage 
ratios  are  given  in  Table  5.1. 


TABLE 

5.1 

Rate  Sensor  Gain 

Yaw: 

0.05 

Pitch: 

0.05 

Boll: 

0.025 

Vertical  Gvro 

Gain 

Pitch: 

.0416  v/*sec 

Boll: 

.0278  v/*see 

Linkage  Ratio 

Rudder: 

1.8 

Elevator: 

5.63 

Aileron: 

3.60 
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Diagram  of  the  Existing  Control 


The  aodal  of  the  URV  developed  in  Chapter  XV  la  verified  before 
addins  the  control  mixer  reconfiguration  algorithm.  Fig.  5.2  ahowa  the 
atep  reaponse  of  the  UBV  model  (eqn.  (4.1))  and  PCS  (rig.  5.1).  The 
control  ayatem  la  deaigned  to  bo  an  uncoupled  attitude  controller  and  the 
reaponaea  reflect  elevator  to  pitch  angle,  aileron  to  roll  angle  and 
rudder  to  yaw  rate.  The  atep  reaponaea  of  the  exiating  ayatem  were  also 
obtained  and  are  alao  ahown  in  Fig.  5.2.  It  can  be  aeen  from  theae  plot* 
that  the  two  reaponaea  match  very  cloaely. 

The  control  mixer  algorithm  derived  in  chapter  III  waa  then  uaed  to 
develop  mixer  gain  matrlcea  when  the  control  aurfacea  are  failed.  The 
gain  matrix  for  the  unimpaired  UBV  given  by  eqn.  (5.3)  reflecta  the 
highly  uncoupled  nature  of  the  original  control  law  deaign. 


Bq  and  Kq  given  by  eqna  (4.3)  and  (5.3)  are  uaed  to  derive  new  gain 
matrix  for  varioua  failure  conditiona. 

5.1  Right  Elevator  Failed  (Center  and  Locked) 

The  gain  matrix  for  thia  failure  waa  obtained  using  eqn.  (3.9)  and  is 
given  by 


Fit.  5.3  shows  ths  simulation  results  of  ths  flight  path  of  an 
impairad  aircraft  while  the  reconfiguration  algorithm  is  activated.  The 
impairment  takas  place  at  4.5  sees.  The  results  are  compared  with  the 
flight  path  of  ths  unimpaired  aircraft.  Zt  can  be  seen  from  these 
figures  that  the  effect  of  the  loss  in  control  is  not  seen  until  a  time 
of  approximately  6  seconds.  This  is  due  to  the  fact  that  a  significant 
change  in  pitch  rate  is  not  required  until  6  seconds.  At  6  seconds  the 
aircraft  is  commanded  to  pitch  through  an  angle  of  36  degrees.  As  shown 
in  Fig.  5.3,  the  reconfiguration  modulo  compensates  for  the  loss  in 
control  and  makes  it  possible  for  the  aircraft  to  follow  this  command. 
After  this  command  is  carried  out  the  pitch  rate  settles  quickly  to  the 
pitch  rate  value  of  the  unimpaired  aircraft  and  the  aircraft  is  stable. 
Roll  rate,  roll  angle,  side  slip  and  yaw  rate  responses  of  the  unimpaired 
aircraft  is  zero  whereas  for  the  reconfigured  aircraft,  these  responses 
are  not  zero  because  of  the  contribution  of  elevator  input  to  ailerons 
and  rudder  as  shown  in  eqn.  (5.4). 

5.2  Left  Elevator  Failed  (Centered  and  Lockad) 

The  gain  matrix  for  this  failure  obtained  using  eqn.  (3.9)  is  given  by 


-.3397 


-.0283 


The  simulation  results  of  the  impaired  aircraft  with  this  failure  are 
similiar  to  the  results  shown  in  Figs.  5.3. 
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Unimpaired 

Reconfigured 


5.3  L«ft  Aileron  Failed  (Centered  and  Locked) 

The  gain  matrix  obtained  ueing  eqn.  (3.9)  for  this  failure  is  given  by 


1.0 

1.0 

0 

0 

0 


-2.9358 

2.9351 

0 

-0.0058 

-.0832 


(5.6) 


Fig.  5.  A  shows  the  simulation  results  of  the  unimpaired  and 
reconfigured  aircraft.  The  impairment  takes  place  at  4  seconds  and  a 
roll  angle  of  36  degrees  is  commanded  at  5  seconds.  It  can  be  seen  from 
Fig.  5.4  that  the  reconfiguration  module  compensates  for  the  loss  in 
control  and  makes  it  possible  for  the  aircraft  to  follow  the  command  with 
overshoot  in  the  roll  rate.  After  the  coamand  is  carried  out  the  roll 
attitude  reaches  the  steady  state  value  of  the  unimpaired  aircraft  and 
the  aircraft  is  stable. 

5.4  Right  Aileron  Failed  (Locked  and  Centered) 

The  gain  matrix  ^  is  given  by 


1.0 

1.0 

0 

0 

0 


-2.9351 

2.9351 

0.0058 

0 

-0.0832 


(5.7) 


Simulation  results  of  the  unimpaired  and  reconfigured  aircraft  are 
simillar  to  the  results  shown  in  Fig.  5.4. 
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5.5.  Rudder  Failed  (Centered  and  Locked) 

The  gain  aatrix  obtained  uaing  eqn .  (3.9)  for  this  failure  is 
given  by  _  — i 


-0 

0 


-35.1426 

35.1426 


(5.8) 


0  1  11.94 

0  -1  -11.94 

0  0  0 

Fig.  5.S  shows  the  simulation  results  of  the  unimpaired  and  recon¬ 
figured  aircraft  commanded  to  yaw  an  angle  of  18  degrees  initially  and 
impairment  occuring  at  4  seconds.  It  can  be  seen  from  this  figure  that 
the  aircraft  becomes  unstable  after  the  aircraft  is  commanded  to  yaw 
through  an  angle  of  36  degrees  at  5  seconds.  This  is  due  to  the  fact 
that  other  healthy  surfaces  do  not  have  enough  authority  to  compensate 
for  this  failure.  Kj  matrix  given  by  eqn.  (5.8)  shows  that  excessive 
gain  is  needed  for  the  other  four  healthy  surfaces.  Because  of  this, 
these  surfaces  saturate  and  the  aircraft  becomes  unstable. 
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Fig.  5.5 


Computer  Simulation  of  Unimpaired  and  Reconfigured 
Aircraft  -  Yaw  Command 
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VI 


This  research  has  focused  upon  tha  stud/  of  flight  control  law 
reconfiguration  after  effector  failure.  The  control  sixer  concept  which 
utilizes  generalized  inverse  to  distribute  control  authority  among  the 
remaining  surfaces  after  failure  was  evaluated.  In  comparing  output  time 
histories,  it  is  apparent  that  the  reconfigured  aircraft  was  able  to 
track  tha  unimpaired  aircraft  as  long  as  there  was  another  primary 
surface  to  provide  the  control  power  of  the  failed  surface.  For  example, 
for  a  pitch  conmand,  one  of  the  two  elevator  surfaces  must  im  healthy  for 
the  aircraft  to  be  able  to  track  the  unimpaired  response.  Results  of 
Chapter  V  reveals  that  if  the  rudder  is  locked  at  the  center  position  and 
there  is  a  yaw  command,  tha  aircraft  became  unstable.  These  results 
suggest  that  the  URV  should  be  modified  to  provide  additional  control 
power  redundency  in  the  yaw  axis  for  reconfiguration  studies.  A  more 
complete  model  of  the  URV  that  includes  the  aero  changes  should  be 
developed.  Ideally  this  should  be  a  nonlinear  model  for  higher  fidelity 
end  include  the  stability  effects  of  missing  and  partially  missing 
surfaces. 

In  determining  the  control  mixer  gain  matrices,  the  failed  surfaces 
were  considered  to  be  locked  at  the  center  position,  i.e.,  the  input  from 
the  failed  surfaces  was  considered  to  be  zero.  Ho  attempt  was  made  to 
determine  the  gain  matrices  if  the  surface  is  locked  at  some  other 
position  or  simply  floating.  In  the  future  work,  additional  failure 
modes  should  be  considered  and  the  computer  simulation  obtained. 

The  present  method  of  determining  the  gain  matrices  utilizes  the 
generalized  inverse  as  an  optimization  technique  to  distribute  the  forces 
and  moments  of  the  failed  surface  to  the  remaining  healthy  surfaces. 
This  optimization  technique  is  dependent  on  the  relationship  between  the 
number  of  outputs  and  control  surfaces.  It  exploits  the  excess  degree  of 
freedom  without  consideration  of  control  surface  physical  limits.  The 
burden  of  desired  control  Inputs  can  be  distributed  among  the  remaining 
healthy  surfaces  by  taking  into  account  the  actual  authority  of  each. 
This  can  be  done  by  multiplying  the  control  effectiveness  matrix  of 
impaired  aircraft  by  a  diagonal  matrix,  (AUTH],  which  represents  the 
physical  control  surface  deflection  limit.  This  is  true  only  if  number 
of  outputs  are  less  than  number  of  control  surfaces.  But  on  the  other 


hand,  if  number  of  outputs  are  greater  than  number  of  surfaces,  (AUTH) 
matrix  has  no  effect  on  minimization.  This  is  because  we  are  minimizing 
the  sum  of  square  of  error  instead  of  norm  of  the  deflection  vector.  One 
way  of  distributing  the  control  authority  to  other  surfaces  for  the  case 
when  number  of  outputs  are  greater  than  number  of  surfaces,  is  to 
minimize  the  weighted  sum  of  squares  of  error  premultiplying  the  control 
effectiveness  matrix  by  a  weighting  matrix.  Full  rank  factorization  can 
also  be  used  as  a  technique  for  minimization.  Study  of  both  these  should 
be  carried  out  in  future  work.  Other  optimization  techniques  available 
should  also  be  studied  to  find  the  best  solution  for  control  mixer  gain 
matrix. 

For  successful  application  of  the  control  mixer  concept  to  control 
system  reconfiguration,  robustnoss  of  the  FCS  is  an  essential  consi¬ 
deration.  This  is  necessary  to  compensate  for  unmodeled  aerodynamics 
effects  caused  by  control  surface  failure  end  to  compensate  for  inac¬ 
curacies  in  estimating  control  derivatives  for  partially  missing  control 
surface.  Robustness  of  the  existing  control  law  of  the  URV  should  be 
studied  and  recommendations  on  new  control  laws  considering  robustness 
should  be  made. 
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ANALYSIS  OF  ARMOR  B RAC RETRY 


by 

HEMEN  RAY 

ABSTRACT 

The  concept  of  rotating  armor  ia  introduced.  The  rotation  of  the 
armor  in  its  plana  is  affected  by  using  specially  designed  either 
inclined  bracketry  or  bracketry  fabricated  with  composites.  By  allowing 
the  armor  to  rotate  in  its  plane ,  the  impact  energy  is  absorbed  in  the 
rotational  direction  in  addition  to  the  normal  to  the  plane  of  the  armor, 
thereby  reducing  the  force  transmitted  to  the  bracketry.  Aircraft 
stiffness  has  also  significant  influence  on  the  force  transmitted  to  the 
bracketry.  Application  of  these  type  of  bracketry  could  increase  the 
ballistic  limit,  or  decrease  the  might  of  the  armor  system.  Suggestions 
for  further  research  on  armor  bracketry  are  offered. 


Acknowledgement 


The  author  wishes  to  thank  the  United  States  Air  Force  Systems 
Command  and  the  Air  Force  Office  of  Scientific  Research  for  providing 
an  opportunity  to  perform  a  very  interesting  and  rewarding  summer 
research  at  Wright-Patterson  Air  Force  Base,  Dayton,  Ohio.  Superior 
organizing,  systematic  and  prompt  assistance  of  Southeastern  Center 
for  Electrical  Engineering  Education  and  their  representative 
Mr.  M.  H.  Danishek  are  highly  appreciated. 

James  Hodges  of  Flight  Dynamics  Laboratory  provided  excellent 
support,  encouragement,  and  suggestions  for  the  research  work.  The 
creative  input  and  sup-.  >rt  of  A.  H.  Mayer  is  highly  motivating.  The 
author  is  grateful  to  J.  DeWeese,  W.  McFadden,  G.  Ducker,  M.  Bednarek, 

G.  Czarnecki,  L.  Woods,  D.  Gomez,  C.  Cruze,  J.  McCool,  V.  Blunt, 

J.  R.  Johnson,  N.  S.  Khot,  V.  B.  Venkayya,  R.  Sandhu,  and  C.  Wolf  for 
their  helping  in  various  aspects  of  the  work;  to  R.  Jones  for  typing  the 
manuscript,  M.  Liles  for  preparing  the  drawing,  and  E.  Fields  for  taking 
the  photographs. 


118-3 


V-'. 


V 


r.-J 


I 


«wpe 


I.  INTRODUCTION 


The  high-performance  aircraft  could  b«  vulnerable  to  attack  by  missies, 
aircraft,  heavy  small  arms,  and  conventional  anti-aircraft  fire.  Addition 
of  armor  improves  the  survivability  of  these  aircraft.  Basically  there  are 
two  types  of  armor  systems  for  aircraft  applications!  integral  structural 
armor  and  conventional  armor.  The  integral  anaor  is  an  integral  load¬ 
carrying  part  of  the  aircraft.  It  serves  the  dual  function  of  providing 
structural  strength  and  ballistic  protection.  The  conventional  armor 
primarily  provides  ballistic  protection  [ll.  Height  saving  and  combat 
effectivness  are  achieved  by  using  integral  armor  [l,  2).  In  certain 
applications,  for  example,  existing  aircraft,  it  is  necessary  to  attach 
conventional  armor.  The  conventional  armor  is  attached  to  the  aircraft  by 
appropriate  bracketry  1.3] . 

It  is  reported  that  there  is  excessive  conservatism  in  the  design 
data  for  the  armor  bracketry  1.41 .  Use  of  heavier  bracketry  than  necessary 
adds  weight  penalty.  Considerable  reduction  in  the  wight  of  bracketry 
can  be  realized  if  the  impact  force  transmitted  to  the  bracketry  is  reduced. 
This  can  be  achieved  by  using  bracketry  of  proper  stiffness  such  that  the 
natural  frequency  of  the  bracketry  and  armor  system  is  relatively  low  [5]. 

Armor  bracketry  with  appropriate  low  stiffness  will  absorb  appreciable 
amount  of  impact  energy.  But  this  requires  soma  space  for  deflection  when 
the  armor  is  subjected  to  projectile  impact.  In  certain  situations  there 
is  not  enough  space  for  the  armor  to  move  normal  to  the  plane  of  the  armor. 
By  using  special  bracketry  the  armor  can  be  allowed  to  rotate  in  the  plana 
of  the  armor  so  that  less  space  is  required  normal  to  the  armor  plane.  In 
this  report  the  concept  of  rotating  armor  is  introduced.  The  rotation  of 
the  armor  in  its  plane  is  effected  by  using  specially  designed  either 
inclined  bracketry  or  bracketry  fabricated  from  composites.  By  allowing 
the  armor  to  rotate  in  its  plane,  the  impact  energy  is  absorbed  in  the 
rotational  direction  in  addition  to  the  usual  normal 
to  the  plane  of  the  armor.  Application  of  these  special  type  of  armor 
bracketry  could  increase  the  ballistic  limit,  and  thus  improving  the 
survivability  of  the  high-performance  aircraft  for  the  Air  Force. 


II .  OBJECTIVES 


The  objectives  of  the  research  effort  is  to  develop  optimum  bracketry 
for  the  conventional  armor  so  as  to  obtain  armor  system  of  minimum  weight 
for  the  high-performance  aircraft.  Specifically,  considering  a  singls- 
degree-of-freedom  model,  and  central  normal  impact  of  a  projectile,  develop 
and  analyze  bracketry  to  absorb  energy  in  rotational  direction  in  addition 
to  the  normal  to  the  plane  of  the  armor.  Introducing  the  concept  of  rotat¬ 
ing  armor,  analyze  inclined  bracketry  and  bracketry  fabricated  from 
composites.  Investigate  the  influence  of  aircraft  stiffnesa  on  armor 
system  as  well. 

III.  INCLINED  BRACKETRY 


In  this  section  a  brief  description  of  the  inclined  bracketry  is 
given  followed  by  the  equation  of  motion  for  the  armor  system  and  its 
solution.  Finally  the  force  transmitted  to  the  inclined  bracketry  is 
compared  with  that  on  the  straight  bracketry  and  conclusions  are  drawn. 

A  square  armor  of  size  a  x  a  is  supported  at  the  four  comers  by 
four  inclined  supports  as  shown  m  Figures  1  and  2.  The  longitudinal  axis 
of  each  inclined  support  makes  an  angle  6  with  the  plane  of  the  armor. 

The  vertical  plane  containing  the  longitudinal  Mis  of  am  inclined  support 
is  at  an  angle  of  45°  with  an  edge  of  the  armor.  This  type  of  bracketry 
will  allow  the  armor  to  rotate  clockwise  in  addition  to  its  downward 
motion  (viewed  from  top)  when  the  armor  is  subjected  to  a  central  normal 
impact  of  a  projectile.  By  allowing  the  armor  to  rotate  in  its  plane,  a 
part  of  the  impact  energy  is  absorbed  in  the  rotational  direction  in 
addition  to  the  normal  to  the  plane  of  the  armor.  When  the  armor  is 
supported  by  straight  bracketry,  as  shown  in  Figure  3,  it  only  moves  down¬ 
ward  and  does  not  rotate  in  its  plane.  Bracketry  with  different  geometry 
other  than  the  inclined  supports  can  also  be  used  to  obtain  the  desired 
rotational  motion  as  shown  in  Figure  4,  where  bracketry  in  the  shape  of 
quarter  circles  are  used. 

The  equation  of  motion  of  the  armor  is  obtained  by  employing 
Lagrange's  equation.  The  armor  is  assumed  to  be  rigid  and  is  subjected 
to  a  central  normal  impact  of  a  projectile.  The  inclined  supports  are 
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considered  to  be  attached  to  the  armor  by  amooth  ball  joints.  Under 
these  idealized  conditions ,  the  potential  energy  V  of  the  system  is 

givnb,  V-  ♦(*£  t1) 


where  z  is  the  displacement  of  the  mass  center  of  the  amor  in  the  z 

,1 

direction  (see  Fig.  1),  and  Wj  is  the  sti'fneas  of  each  inclined  support 

in  the  z  direction,  and  it  is  derived  as 

£  =.  [  (l/AO^e  +  CtS/3El)  C o^?9  ]'x  •  U) 

Here  9  is  the  angle  of  inclination  (see  Fig.  1),  t is  the  length,  and  A  is 
the  cross  sectional  area,  S  is  the  modulus  of  elasticity  of  the  material,  and 
I  is  the  area  moment  of  inertia  about  the  bending  axis  of  an  inclined  support 

The  kinetic  energy  T  of  the  system  is 

T  «  il  -t  yt  lu  1  (3) 

where  is  the  mass  of  the  armor,  o<  is  the  angular  displacement  of  the 

armor  in  its  plane  (xy  plane) ,  and  I_  is  the  centroidal  polar  mass  moment 

of  inertia  of  the  armor.  A  dot  (*)  denotes  derivative  with  respect  to 

time  t  . 

2 

Substituting  for  o<  (»  a/2  c  z/a)  and  I_  (>*m,  a  /6) ,  the  kinetic  energy 
(3)  reduces  to  X  ,  X  (1  +  !  C2)  £  2  (4) 

II 


where  c  is  the  ratio  of  the  horizontal  displacement  of  the  end  of  an 
inclined  support  (the  end  that  is  attached  to  the  armor)  to  the  vertical 
displacement  of  the  same  end  when  a  vertical  load  (in  z  direction)  is 
applied  to  this  end.  Considering  the  axial  and  flexural  deformation  only, 


the  approximate  value  of  c  is  gi^en  by 


y  b  tan  9  J 

where  b  is  the  dimension  of  each  side  of  the  cros3  section  of  an  inclined 
support. 

Applying  Lagrange's  equation  and  using  (1)  and  (4),  the  equation  of 


motion  of  the  armor  is 


Z  i  »  o 


where  is  the  natural  frequency  of  the  system,  and  is  given  by 


(l 


*  WW  4"  V 


If  the  duration  of  impact  is  relatively  short,  and  the  projectile 
remains  embedded  in  the  armor,  then  the  initial  conditions  for  the  armor 
motion,  by  considering  the  conservation  of  momentum,  are 


at  t-o, 


.  r*V  _  mV 

l  - - 2S  ~ 

y i\+ikx 


where  a  is  the  mass,  and  v  is  the  speed  of  the  projectile. 
With  the  initial  conditions  (8) ,  the  solution  to  (6)  is 


where 


z  «  %  Ain 

'H,  = 


The  value  of  the  maximum  total  vertical  force  on  the  inclined  bracketry 


F*  =  4^  2  51  *"*[  /«xH> *  s  «1)]' 


For  the  armor  supported  by  straight  bracketry  (as  shown  in  Fig.  3,  or 
in  Figs.  1,  2  with  8=90°),  the  value  of  the  maximum  total  vertical  force 
on  the  straight  bracketry  can  be  found  as 

F1  a  (l2) 


where  (q  is  the  stiffness  of  each  straight  support  in  the  vertical  direction, 
and  is  given  by  £  s  !£■ .  (l3; 

Here  (,  is  the  length,  A  is  the  cross  sectional  area,  and  E  is  the  elastic 
modulus  of  the  material  of  a  straight  support. 

The  ratio  of  the  maximum  total  vertical  force  on  the  inclined  bracketry 
to  that  on  the  straight  bracketry  is  found  from  (11)  and  12)  , 

f* /  ^  •  uOi.)  (>»i*)i*  o«) 

which  reduces  to,  by  using  (2)  and  (13),  y 

Ff  /  Fa  =  [('+  iO/  ( ***  +  0  coj1®)  1  ^ 

This  force  ratio  is  plotted  against  the  aspect  ratio  l/b  for  0  ~4S°, 
60°  (Figure  5) .  From  Figure  5  it  is  seen  that  the  force  on  the  inclined 
bracketry  is  less  compared  to  that  on  the  straight  bracketry  for  larger 
values  of  l/b.  It  is  considerably  less  when  0*45°.  For  larger  values  of 
0,  the  inclined  bracketry  approaches  straight  bracketry,  and  thus  showing 
no  significant  reduction  in  force.  The  physical  reason  for  this  reduction 
of  force  is  that  part  of  the  impact  energy  is  used  in  rotating  the  armor 
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whan  the  inclined  bracketry  ia  used.  Also  with  increasing  values  of  t/b, 
the  natural  frequency  of  the  armor  system  with  inclined  bracketry  reduces 
at  a  faster  rate  than  that  of  armor  with  straight  bracketry.  Thi3 
reduction  in  natural  frequency  causes  less  force  to  be  transmitted  to  the 
bracketry.  Therefore,  by  using  the  inclined  bracketry  the  ballistic  limit 
could  be  increased  or  for  the  same  ballistic  limit  the  weight  of  the 
bracketry  can  be  decreased,  and  thus  reducing  the  weight  of  the  armor 
system. 


IV.  COMPOSITE  BRACKETRY 

In  this  section  a  brief  description  of  the  bracketry  fabricated  with 
composites  is  given  followed  by  comparison  of  the  force  transmitted  to 
the  composite  bracketry wih  that  to  the  isotropic  bracketry,  and  conclusion. 

Figures  6  and  7  show  the  composite  bracketry.  Here  the  horizontal  edges 
of  a  composite  support  are  at  angles  of  45°  with  the  edges  of  a  square  armor. 
The  principal  material  axis  of  the  composite  makes  a  certain  angle  with  the 
longitudinal  axis  (z  ■  axis)  of  the  bracketry.  For  this  arrangement  the 
armor  will  rotate  clockwise  (viewed  from  top)  in  addition  to  its  downward 
motion  when  it  is  subjected  to  a  central  normal  impact  of  a  projectile. 

The  mechanical  behavior  of  orthotropic  materials  is  used  to  efface  rotation, 
when  an  orthotropic  material  is  subjected  to  axial  load  directing  not  in 
the  principal  material  direction,  it  undergoes  shear  deformation  in 
addition  to  axial  deformation.  This  shear  deformation  allows  each  corner 
of  the  armor  to  move  in  a  horizontal  plana,  and  thus  effecting  rotation  of 
the  armor. 

For  illustration  the  principal  material  axis  of  the  composite  is  taken 
as  45°  with  the  vertical  axis  (z  -  axis) .  With  this  material  orientation, 


the  stiffness  of  each  composite  support  in  the  vertical  direction 
(z  -  direction)  can  be  found  as 

W*«A/(iS,0  (|fc> 

where  t is  the  length,  A  is  the  cross  sectional  area  of  a  composite  support, 
and  the  transformed  reduced  compliance  I22  is  given  by  L&1 

V  40-2^!;  0*) 

where  E^,  E2  are  Young's  aodulii  in  1,  2  directions  (1,  2  are  the  principal 
material  directions) ,  G^2  i3  the  shear  modulus  in  1-2  plane,  and  is 
Poisson's  ratio  for  transverse  strain  in  the  2-direction  when  stressed  in 


the  1-direction. 
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Figure  6.  Composite  Bracketry 
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is  given  by  [6] 


0») 

(n) 


The  ratio  of  the  horizontal  displacement  of  the  top  of  the  composite 
support  to  the  vertical  displacement  of  the  same  end  when  a  vertical  load 
(in  2-direction)  is  applied  can  be  derived  as 

C  »  /  Su  _ 

where  the  transformed  reduced  compliance  S 

sSu-sr,C'-hl 

Similar  to  the  development  of  equation  (14) ,  the  ratio  of  the  maximum 
total  vertical  force  on  the  composite  bracketry  to  that(Pfc)on  the 
isotropic  bracketry  can  bo  obtained  as 

which  reduces  to,  by  using  (13)  and  (16), 


04 

Cii) 


Assuming  that 


E-E.,  ^O.S,  Ex«3<Stl 


the  equation  (21)  reduces  to 

F“/  F»  *  [  IH  '+  5s(  “0  }  I 

This  force  ratio  is  plotted  against  the  modulii  ratio  E^/E^  (Figure  8) . 
Figure  8  shows  that  the  force  transmitted  to  the  composite  bracketry  is  less 
compared  to  that  transmitted  to  the  isotropic  bracketry.  Significant 
reduction  of  force  occurs  for  larger  values  of  Ej/Ej.  Similar  to  inclined 
bracketry  the  composite  bracketry  allows  the  armor  to  rotate  in  its  plane 
in  addition  to  its  vertical  motion,  thereby  transmitting  less  force  to  the 
bracketry. 


V.  INFLUENCE  OF  ArRCRAFT  STIFFNESS  ON  ARMOR  SYSTEM 

In  the  foregoing  analysis  it  is  assumed  that  the  armor  is  attached  to 
a  rigid  surface  by  bracketry.  But  certain  area  of  the  aircraft  where  the 
armor  is  attached  to  may  not  be  stiff  enough  to  be  considered  rigid  for 
the  analysis.  In  this  section  the  influence  of  aircraft  stiffness  on  the 
armor  system  is  shown. 

A  rigid  armor  of  mass  m^  is  attached  to  a  rigid  mass  m^  by  bracketry  of 

stiffness  .  The  mass  is  attached  to  a  rigid  surface  by  a  spring  of 

stiffness  U,  •  This  mass-spring  system  im.-W,  represents  the  flexible  area 

of  the  aircraft  wh-ire  the  armor  is  attached  to.  It  is  assumed  that  the 

mass  n>j  and  m^  are  not  of  the  same  order  of  magnitude,  and  they  are 

allowed  to  move  in  a  vertical  plane .  The  mass  m.  is  subjected  to  a 
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projectile  impact  (normal  impact)  of  relatively  short  duration.  Under 
these  idealized  conditions  the  motion  of  m^  can  be  considered  to  be 
independent  of  m^,  and  the  equations  of  motion  for  the  system  are  given 
by  = 

«f(,+  ^)*  «  h*  S  C») 

where  2,,  are  displacements  of  mass  m^,  m2  (positive  downward),  and 

8m  (14)  wf.W,/".,  ^ 

Considering  the  conservation  of  momentum  the  initial  conditions  for  the 

mass  m2  is  t  30,  i^o,  jjS  wD/wj  (28) 

With  the  initial  conditions  (26)  ,  the  solution  to  (23a)  is  given  by 

m  (wn\J/  W\,  ini')  coxt  (IT) 

Since  the  bracketry  stiffness  Ij2  is  considerably  less  than  the  stiffness 

Vj,  of  the  aircraft  area,  the  term  in  the  bracket  in  (23b)  can  be  taken  as  1. 
Initially  the  mass  m^,  is  assumed  to  have  zero  displacement  and  velocity, 

and  accordingly  using  the  initial  conditions 

t »«,  8»o,  ja  kj-i,  «  $*) 


the  solution  to  (23b)  is  given  by  r 

S3(™v/mioiO  VuvCO.t  +  C">vwJ./-tnxwl) 


C») 


m2  is 


The  maximum  force  on  the  bracketry  i.e.  the  force  between  mass  and 

*  K  ^W.OLX  *  WVC°Z  0  +  s’J)*  O’0) 

CI 

In  the  absence  of  mass-spring  m^-t^  ,  the  maximum  force  on  the 
bracketry  is  (similar  to  eq.  12) 


zzt 


a  mV  CO. 
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>l  -  ~i  rno-* 

The  rat  ■>  of  the  maximum  force  on  the  bracketry  including  the  stiffness 
of  the  aircraft  area  to  that  on  the  bracketry  excluding  the  aircraft 
stiffness  is  obtained  from  (30)  and  (31)  y 

F®/Ft*  *  1*3*  3  >*  L  (52) 

This  force  ratio  is  shown  graphically  in  Figure  9  for  two  values  of 
mass  ratio.  It  shows  when  the  armor  mass  is  considerably  less  than  the 
mass  of  the  aircraft  area,  the  force  on  the  bracketry  increases  with  the 
increase  of  the  stiffness  of  the  armor  bracketry.  Therefore,  the  stiffness 
of  the  armor  bracketry  should  be  considerably  less  than  that  of  the 
aircraft  area  in  order  .o  reduce  the  force  transmitted  to  the  bracketry. 

VI.  RECOMMENDATIONS 

Since  the  inclined  and  composite  bracketry  show  promise  in  reducing 
the  force  transmitted  to  the  bracketry,  thereby  decreasing  the  weight  of 
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armor  system  and  increasing  the  ballisting  limit,  further  research 

should  be  directed  to  investigate  their  potential  application: 

*  Include  the  more  realistic  data  and  information  from  the  Penetration  • 
Equations  Handbook  [71  in  the  analysis  of  inclined  and  composite 
bracketry.  For  example,  use  the  estimated  impact  force  and  pulse 
duration  frcmt?]  to  obtain  more  realistic  and  accurate  levels  of  force 
transmitted  to  the  armor  bracketry. 

*  Since  the  shear  deformation  is  utilized  to  develop  composite  bracketry, 
rigorous  analysis  should  be  done  on  delaraination  of  the  composite 
bracketry. 

*  Perform  analysis  of  ^"clined  composite  bracketry1  to  indude  the  benefit  ol 
both  the  inclined  bracketry  and  composite  bracketry. 

*  Include  the  support  motion  (aircraft  motion  and  g-levels)  in  the 
analysis  of  composite  bracketry. 

*  Since  the  weight  of  the  armor  system  could  be  further  reduced  by 
adhesively  bonding  the  armor-bracketry  system  (suggested  by  M.-v'er  C&l), 

perform  dynamic  stress  analysis  of  the  bonded  joints  for  representa¬ 
tive  armor-bracketry  system. 
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ABSTRACT 

Work  in  Artificial  Intelligence  and  Computational 
Linguistics  was  done  at  the  Air  Force  Human  Resources 
Laboratory,  Training  Systems  Division,  in  three  dif¬ 
ferent  areas.  The  first  area  was  "expert  systems", 
and  the  result  was  a  demonstration  syster  for  use  by 
personnel  at  the  laboratory.  Secondly,  a  study  was 
undertaken  of  applications  of  computational  linguis¬ 
tics  in  the  work  of  the  laboratory,  resulting  in  a 
follow-up  proposal.  The  third  research  area  was  an 
investigation  of  the  possibility  of  providing  tools 
for  artificial  intelligence  in  the  Ada  programming 
language,  and  resulted  in  some  programs  for  that  pur¬ 
pose.  Suggestions  are  given  for  a  follow-up  project 
investigating  the  provision  of  an  adaptive  natural 
language  interface  for  expert  systems.  Further 
research  in  Ada  implementation  of  artificial  intelli¬ 
gence  tools  is  also  suggested. 
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I.  INTRODUCTION 


The  field  of  computer  science  whose  subject  matter  is  the 
development  of  computer  programs  which  perform  activities  that 
would  be  characterized  as  "intelligent"  in  humans  is  called 
artificial  intelligence  (AI).  Among  intelligent  human  activities 
is  the  use  of  natural  languages,  such  as  English,  and  the  sub¬ 
field  dealing  with  the  use  of  computers  In  this  area  is  called 
computational  linguistics  (CL).  Although  efforts  in  both  fields 
date  back  to  the  time  of  the  earliest  digital  computers,  practi¬ 
cal  applications  of  AI  and  CL  have  gained  wide  notice  only  in  the 
last  few  years,  due  largely  to  the  availability  of  computing 
equipment  with  which  the  complex  Information  processing  required 
in  AI  and  CL  applications  can  be  done  efficiently. 

Another  reason  that  practical  applications  of  AI  and  CL  have 
become  possible  is  the  tendency  of  researchers  in  the  field  to 
move  away  from  very  general  Intelligent  activities  (such  as  gen¬ 
eral  problem  solvers),  which  were  Interesting  theoretically  but 
impossible  to  implement  at  today's  state  of  knowledge,  and  to 
concentrate  on  specialized  domains  where  knov-n  techniques  are 
more  adequate.  It  is  possible,  for  Instance,  tj  design  interest¬ 
ing  and  useful  computer  software  that  contains  enough  knowledge 
to  draw  conclusions  that  we  associate  in  humans  with  expertise  in 
some  area  (such  as  medical  diagnosis  or  maintenance  troubleshoot¬ 
ing).  These  systems  are  popularly  called  expert  systems . 
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Within  computational  linguistics,  it  has  also  been  possible 
to  narrow  the  domain  enough  to  facilitate  useful  systems.  Where 
it  is  desired  to  obtain  a  limited  range  of  information  from  spe¬ 
cialized  and  stylized  natural  language  text,  systems  have  been 
created  for  "specialized  information  extraction".  It  is  possible 
to  provide  limited  natural  language  interfaces  for  various 
computer-based  systems  (including  expert  systems),  as  well. 

Summer  work  in  this  program  was  concerned  with  the  investi¬ 
gation  of  various  facets  of  AI  and  CL  in  the  setting  provided  by 
the  concerns  of  the  Air  Force  Human  Resources  Laboratory,  Train¬ 
ing  Systems  Division. 


II  .  OBJECTIVES 

The  Air  Force  Human  Resources  Laboratory,  Training  Systems 
Division,  has  undertaken  to  investigate  the  use  of  techniques 
from  artificial  intelligence  and  computational  linguistics  in  the 
provision  of  training,  particularly  in  the  maintenance  area. 
This  effort  is  multifaceted,  as  outlined  in  [2]  and  implicit  in 
the  suggestions  of  [6). 

The  objectives  of  this  project  were  to  aid  in  the  AFHRL 
efforts  in  three  ways: 

1)  Provide  a  simple  demonstration  expert  system,  which  per¬ 
sonnel  could  use  to  examine  how  such  systems  work  and  demonstrate 
to  others. 
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2)  Provide  some  background  in  areas  of  computational 
linguistics  that  will  be  necessary  or  useful  in  these  efforts, 
through  discussion,  lectures,  and  the  implementation  of  computa¬ 
tional  tools,  and  hopefully  lead  to  follow-on  work,  in  the  area. 

3)  Investigate  the  feasibility  of  using  the  new  common  DOD 
language  Ada  for  applications  in  computational  linguistics  and 
artificial  intelligence. 


The  research  component  of  this  project  included  the  work 
toward  objective  (3)  and  an  investigation  of  the  feasibility  of 
an  adaptive  natural  language  interface  for  expert  systems,  com¬ 
bining  work  toward  objectives  (1)  and  (2)  above.  The  approach 
was  to  study  the  problems  carefully  in  light  of  available  metho¬ 
dology  and  to  analyze  alternative  solutions,  then  to  write  pro¬ 
grams  to  Investigate  ideas  for  practical  systems.  Objective  (3) 
was  accomplished  in  conjunction  with  two  graduate  students  from 
Tulane ,  whose  work  is  discussed  below  and  reported  in  more  detail 
in  their  own  final  reports. 

The  initial  work  plan  fjr  the  ten-week  period  included  some 
effort  in  developing  computational  linguistics  tools  in  the  SNO- 
B0L4  programming  language  and  a  lecture  on  SNOBOL4  programming. 
This  was  replaced  with  a  more  extensive  effort  in  Ada  and  LISP, 
both  because  of  the  direction  in  which  our  interests  moved  and 
because  of  the  availability  of  Ada  software  and  lack  of  SN0B0L4 
systems. 
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III.  IMPLEMENTATION  OF  A  DEMONSTRATION  EXPERT  SYSTEM 


The  "Knowledge  Base  Developer",  or  KBD  [7],  Is  a  system 
designed  and  implemented  by  Barry  Sc hi f f  as  an  honors  project  at 
Tulane  University.  It  has  the  capability  to  run  as  an  expert 
system  given  a  codified  domain-specific  knowledge  base  as  input. 
The  knowledge  base  is  constructed  through  the  KBD  system,  which 
provides  a  menu-oriented  interface  for  making  assertions  and 
specifying  inferences.  Though  written  in  LISP,  the  user  inter¬ 
face  is  free  of  the  syntactic  conventions  that  make  LISP  formid¬ 
able  to  the  uninitiated.  The  inference  machine  and  rule 
representation  are  relatively  efficient,  so  that  reasonable 
response  is  obtained  on  a  VAX  11/780  with  moderate-sized 
knowledge  bases.  The  inference  machine  in  KBD  uses  a  weight  sys¬ 
tem  and  a  greedy  approach  to  traverse  a  search  tree  looking  for  a 
conclusion  . 

A  demonstration  expert  system  for  AFHRL  was  implemented  In 
KBD.  The  knowledge  base  contain  Information  on  insects,  and 
the  system  is  able  to  identify  the  order  of  an  insect  based  upon 
assertions  (or  answers  to  questions)  regarding  the  physical 
description  of  a  specimen  (relative  size  and  appearance  of  wings, 
shape  of  body,  etc.).  It  asks  for  more  information  if  the  infor¬ 
mation  that  it  has  been  given  is  insufficient.  (Actually,  only 
winged  insect  information  was  entered,  since  that  was  deemed  suf¬ 
ficient  for  the  demonstration.) 
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Some  difficulties  were  experienced  in  the  initial  implemen¬ 
tation  of  the  system.  Initially,  no  LISP  system  was  available  on 
the  VAX  11/780  at  AFHRL.  A  LISP  implementation  called  TULISP  was 
ported  to  the  system  to  provide  the  proper  environment,  and  some 
slight  modification  was  made  to  the  code  to  prevent  problems  that 
were  encountered. 

A  lecture  was  given  to  Interested  personnel  at  the  lab  on 
LISP  programming.  There  was  considerable  interest  in  LISP 
because  it  is  currently  the  principal  language  for  artificial 
intelligence  research  and  is  being  used  by  General  Dynamics  in  a 
system  for  maintenance  aiding  being  written  under  contract  to 
AFHRL.  The  demonstration  system  can  be  used  as  a  further  aid  to 
staff  in  understanding  LISP  programming,  since  the  code  is  acces¬ 
sible  . 

IV.  COMPUTATIONAL  LINGUISTICS  EFFORTS 

A  number  of  discussions  on  the  use  of  techniques  from  compu¬ 
tational  linguistics  in  the  work  of  the  Laboratory  were  held  with 
Maj.  Burns  ,  leading  to  the  production  of  a  joint  report  by  this  author 

and  Maj.  Burns,  which  is  being  written  this  fall.  In  addition,  a 
series  of  two  talks  teas  given  at  AFHRL  on  perspectives  in  the 
field,  and  on  .:he  investigator's  work  in  specialized  Information 
extraction  from  natural  language  texts.  Another  talk  was  given 
on  the  possibility  of  developirg  individualized  natural  language 
interfaces  for  the  types  of  expert  systems  being  developed  for 
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AFHRL.  This  latter  topic  is  the  subject  of  a  proposal  for 
follow-on  research,  which  will  be  described  briefly. 

In  any  computerized  system  that  requires  natural  language 
commands,  it  is  common  to  use  synonyms  which  the  system  cannot 
process.  For  example,  people  will  use  "output"  or  "write" 
instead  of  "print",  or  vice-versa.  With  the  use  of  natural 
language  assertions  in  an  expert  system,  the  problem  becomes 
greater,  since  it  is  likely  that  there  will  be  a  variety  of 
phrases  that  are  synonymous  from  the  user's  standpoint,  to  only 
one  of  which  the  system  can  respond  correctly.  One  solution  to 
thl3  problem  might  be  a  general  natural  language  interface,  but 
even  then,  the  user  may  stray  outside  the  bounds  of  the  language 
accepted  (since  no  such  interface  is  going  to  contain  all  of 
English,  at  today's  state  of  the  art).  Furthermore,  a  natural 
language  Interface  of  even  moderate  generality  is  likely  to  place 
heavy  demands  on  computational  resources  and  to  slow  the  response 
of  the  system  to  all  Inputs. 

A  better  solution  to  the  synonymy  problem  is  to  continue 
using  natural  language  assertions  in  the  expert  system,  but  to 
add  to  the  system  an  ability  to  adapt  to  each  user's  particular 
modes  of  expression.  Some  of  the  variations  found  may  be  easily 
anticipated  transformations  of  the  assertions  already  contained 
in  the  system.  Others  may  be  misspellings  and  abbreviations. 
Others  will  be  peculiar  to  individual  users.  It  appears  most 
practical,  therefore,  to  develop  a  system  that  uses  three  levels 
of  interpretation  for  assertions  that  it  cannot  handle  directly. 
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The  first  level  will  contain  facilities  for  dealing  with  misspel¬ 
lings  and  abbreviations,  along  with  a  file  of  the  particular 
user's  previcualy-used  transformations,  which  the  system  will  use 
in  an  attempt  to  transform  novel  inputs  to  known  assertions.  If 
none  of  these  transformations  works,  a  second  stage  will  be 
invoked,  in  which  a  file  la  consulted  that  contains  all  of  the 
transformations  known  to  the  system.  If  one  of  these  is  applica¬ 
ble,  the  system  will  query  the  user  to  see  if  it  has  transformed 
the  sentence  to  the  correct  assertion,  and  if  so,  the  transforma¬ 
tion  will  be  added  to  the  user's  file.  If  the  «econd  level  is 
unsuccessful,  a  third  level,  which  allows  learning,  will  be 
entered.  This  level  will  be  based  upon  the  author's  previous 
work  in  language  acquisition  modelling  [5],  and  is  described  in 
more  detail  in  the  forthcoming  proposal. 

V.  PATTERN-DIRECTED  PROCESSING  IN  ADA 

Ada  is  the  new  standard  programming  language  developed  for 
the  United  States  Department  of  Defense.  Concepts  in  it  are 
based  to  a  large  extent  on  the  languages  SIMULA  and  Pascal.  Most 
AI  and  CL  research,  on  the  other  hand,  is  done  in  the  language 
LISP,  with  some  done  in  PROLOG,  SN0B0L4,  and  a  variety  of  other 
languages.  If  Ada  is  to  become  the  common  DoD  language  and  if 
various  "intelligent"  applications  ars  to  be  interfaced  to  pro¬ 
grams  written  in  Ada,  then  it  would  be  convenient  to  be  able  to 
program  AI  and  CL  applications  in  Ada.  Ulth  the  aid  of  two  gra¬ 
duate  students  from  Tulane  University,  two  projects  were  under¬ 


taken  toward  this  end. 


The  language  SN0B0L4  is  based  on  a  distinguished  line  of 
programs ing  languages  which  are  " pa t t er n-d i r ec t ed"  in  nature. 
That  is,  they  operate  on  data  by  searching  for  a  pattern  in  the 
data  and  then  taking  specified  actions  when  the  pattern  la  found. 
The  experimental  language  Post-X  [1]  was  designed  to  build  on 
this  notion,  while  extending  it  and  providing  a  more  convenient 
control  structure  than  SNGB0L4.  Some  of  the  notions  embodied  in 
Post-X  and  some  notions  from  LISP  can  be  added  to  Ada,  using  Ada 
"packages".  Kenneth  Wauchope  (7),  under  the  supervision  of  the 
author  and  under  the  support  of  the  AFOSR/SCEEE  summer  student 
program,  did  exactly  that.  The  result  is  a  programming  language 
that  is  pattern-directed  and  that  operates  over  data  structures 
other  than  strings,  and  that  is  compatible  with  otner  programs 
written  in  Ada.  In  other  words,  the  extension  is  more  handy  than 
LISP  for  many  tasks  in  artificial  intelligence  and  computational 
linguistics,  and  will  also  allow  such  applications  to  be  embedded 
in  Ada  programs  quite  easily.  Although  a  working  system  was  pro¬ 
duced  in  the  summer,  further  work  is  needed  to  make  the  system 
easy  to  use,  and  is  being  done  by  Mr.  Wauchope  as  a  thesis  pro¬ 
ject. 


Even  in  the  area  of  string  pattern  matching,  there  are  vari¬ 
ous  algorithms,  and  soma  are  more  convenient  or  more  efficient 
than  others.  With  n  Ada,  the  most  elegant  method  of  string  pat¬ 
tern  matching  is  to  use  the  tasking  feature  to  implement  corou¬ 
tine  pattern  matching.  ‘this  could  not  be  done  in  the  presant  Ada 
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system  available  at  AFHRL  bacauaa  tasking  was  not  Implemented. 
The  most  straightforward  method  remaining  was  to  write  a  back¬ 
tracking  algorithm.  But  backtracking  (which  Is  also  what  corou¬ 
tines  would  do,  covertly)  is  very  costly,  In  terms  of  processing 
time,  and  moderately  so  <n  terms  of  storage.  A  possibly  more 
time-efficient  alternative  was  to  use  the  well-known  Earley  pars¬ 
ing  algorithm  [3j  -  which  can  take  a  good  deal  of  space,  however. 
John  Kreuter  [A],  as  his  AFOSR/SCEEE  summer  project  under  super¬ 
vision  of  the  author,  undertook  to  compare  various  approaches, 
first  Implementing  Earley's  algorithm  for  SN0BQL4  patterns  In 
Ada,  with  a  provision  for  creating  the  results  of  the  match  In 
the  manner  of  Post-X.  Having  completed  this,  he  will  continue  to 
compare  alternative  Implementations  as  a  thesis  project. 

VI.  RECOMMENDATIONS 

Four  follow-on  efforts  have  been  discussed  In  the  text) 
continued  study  of  computational  linguistics  applications  In 
maintenance  training  and  aiding,  which  Is  being  undertaken  by 
this  author  and  IlaJ.  Burns;  Investigation  of  adaptive  natural 
language  Interfaces  for  expert  systems,  which  Is  the  subject  of  a 
follow-on  proposal  to  AFOSR,  further  work  on  pattern-directed 
processing  for  general  data  structures,  which  Is  being  undertaken 
as  a  thesis  project  by  Mr.  Wauchope;  and  comparison  of  string 
pattern  matching  algorithms  with  Earley's  algorithm  for  use  in 
Implementing  string  processing  In  Ada,  which  is  being  undertaken 
as  a  thesis  project  by  Mr.  Kreuter. 
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ABSTRACT 


The  cardiopulmonary  computer  model  developed  by  researchers  at  the 
University  of  Texas  at  Austin  under  contract  with  AFOSR  is  reviewed  for 
its  analytical  soundness  and  appropriateness  of  application  to  problems 
of  interest  to  the  Air  Force,  especially  the  physiological  effects  of 
acceleration.  From  an  analytical  point  of  view,  the  biggest  weakness  of 
the  model  is  in  its  treatment  of  flow  in  collapsible  tubes.  The  accepted 
theory  has  been  developed  within  the  last  ten  years  and  has  not  been 
incorporated  in  the  model.  Another  aspect  needing  attention  is  feedback 
control,  at  least  in  the  circulation  portion  of  the  model.  Although  the 
original  authors  addressed  this  need,  they  had  not  incorporated  feedback 
into  the  program  by  the  end  of  the  funding  period.  Other  revisions  of 
the  analysis  are  addressed  in  the  report.  From  a  practical  atandpoiui  of 
use,  the  model  should  also  be  made  more  user-friendly  and  include 
computer  graphics. 
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I.  INTRODUCTION: 

A  mathematical  model  of  the  human  cardiopulmonary  system  was 
developed  under  AFOSR  contract  79-0123  by  investigators  at  the  University 
of  Texas,  hereafter  referred  to  as  "originators"  of  the  model.  The  model 
was  actually  constructed  in  two  separate  pieces,  a  pulmonary  model  and  a 
cardiovascular  model,  with  the  eventual  intent  to  integrate  them.  The 
models  were  numerically  implemented  on  a  digital  computer  and  used  to 
examine  the  effects  of  whole-body  acceleration  (WBA)  and  body  position  on 
respiracory  mechanics,  ventilation  distribution,  blood  flow  and  blood 
volume  distribution  in  the  pulmonary  and  systemic  circulations  and  the 
resulting  gas  exchange  in  the  lung  and  tissues. 

It  is  generally  recognized  now  that  the  aviator  is  the  limiting 
factor  m  the  performance  of  the  highest  performance  aircraft  of  today. 
Acceleration  tolerance  to  blackout  depends  on  onset  rate,  body  position, 
body  type,  and  other  physiological  and  psychological  variables  and  is 
several  g's  below  the  capability  of  the  aircraft.  Thus  a  small  advantage 
in  tolerance  would  probably  mean  a  large  advantage  it  combat  engagement. 
Due  to  the  high  cost,  limited  number  and  noninvasive  nature  of 
experiments  in  the  human  centrifuge,  development  of  a  good 
cardiopulmonary  model  to  direct  and  augment  these  studies  is  desirable. 

II.  OBJECTIVES: 

The  objectives  of  the  summer  support  period  are:  (1)  get  the 
pulmonary  model  running  on  the  Perkin-Elmer  computer  at  AFAMRL/BBM;  (2) 
review  the  pulmonary  model  for  its  merits,  deficiencies  nd  applicability 
to  the  goals  of  AFAHRL ;  (3)  list  improvements,  modifications  and  suggest 
specialized  areas  of  application  of  the  pulmonary  model;  (4)  get  the 
circulatory  model  from  the  originators  and  have  it  compiled  and  running 
on  the  Perkin-Elmer  computer;  (5)  perform  steps  (2)  and  (3)  for  the 
circulatory  model;  (6)  integrate  the  two  models  into  a  combined 
cardiopulmonary  model;  (7)  plan  continuation  studies  involving  the  use 
and/or  further  development  of  the  model. 
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III.  PULMONARY  MODEL: 

A.  Brief  Description.  The  pulmonary  model  attempts  to  simulate 
lung  mechanic*  and  regional  ventilation  in  normal  and  abnormal 
situations.  Normal  situations  include  prediction  of  many  of  the 
pulmonary  function  tests  including  maximal  expiratory  flov-voluae  (MEFV) 
curves,  dynamic  compliance,  and  washout  of  a  test  gas  from  the  lungs. 
Examples  of  abnormal  conditions  would  be  any  mode  of  VBA  and  various 
disease  states. 

In  the  model,  the  muscles  of  respiration  (diaphragm,  abdomen 
and  chest  wall)  are  simulated  by  two  driving  pistons  having  mass  and 
orientation  with  respect  to  other  elements  of  the  mode’..  The  conducting 
zone  (upper  airway  and  tracheobronchial  tree  down  to  the  respiratory 
bronchioles)  is  simulated  by  a  five-chambered  bifurcating  system  of  air 
passages.  Finally,  the  gas  exchange  zone  (alveoli)  is  simulated  by  six 
alveolar  chambers.  Gravitational  forces  on  the  chest,  diaphragm  and 
abdomen  and  resulting  effects  on  pleural  and  abdominal  pressures  are 
simulated.  The  gradient  of  pleural  pressure  and  its  effects  on  regional 
alveolar  chamber  volumes  are  included  in  the  model. 

B.  Critique .  Due  to  lack  of  space  in  this  report,  the  reader  is 
referred  to  the  originators'  progress  reports  for  figures  describing  the 
models.  The  pulmonary  model  is  most  completely  described  in  Section  C  of 
the  December  1979  Progress  Report  for  AFOSR  contract  79-0123  by  R.E. 
Collins,  R.E.  Calvert  and  H.H.  Hardyl.  Unless  otherwise  mentioned,  all 
references  to  figures,  equations  and  discussions  of  the  pulmonary  model 
by  the  originators  come  from  that  report. 

The  functional  schematic  diagram  of  the  pulmonary  model  is 
shown  in  Fig.  1.  The  diaphragm/abdomen  muscle  complex  is  modeled  as  a 
single,  horizontal  piston  situated  below  the  lowest  alveolar 
compartments.  Although  modeled  as  a  single  piston  due  to  the 
reciprocating  action  of  these  muscles,  their  mass  distribution  is  taken 
as  orthogonal  with  diaphragm  in  the  horizontal  and  abdomen  in  the 
vertical  plane.  The  lung  itself  has  a  conductive  zone  consisting  of  five 
bifurcating  air  chambers  labeled  A}  through  A5  and  a  six  chambered 
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respiratory  zone  labeled  ALVj  through  ALVg  .  Chamber  A}  simulates 
nasal/oral  cavities,  larynx,  trachea  and  primary  bronchi.  Chambers  A£ 
and  A3  simulate  secondary  and  some  tertiary  bronchi  and  all  lower  order 
bronchi  supplying  the  upper  third  of  the  lung,  i.e.  alveolar  chambers 
ALVj  and  ALV2.  Conductive  chambers  A4  and  A5  correspond  to  all  lower 
order  bronchi  and  supply  the  lower  two-thirds  of  the  lung,  i.e.  alveolar 
chambers  ALV3  through  ALVg . 

Although  the  pulmonary  model  does  not  have  as  many  branches  as 
the  real  bronchial  tree,  which  has  over  100,000  bronchial  segments  before 
reaching  the  beginning  of  the  gas  exchange  zone,  it  does  have  five 
conducting  chambers  and  six  alveolar  compartments  rather  than  the 
customary  one  of  each.  Thus,  interconpartmental  gradients  of  pressure, 
volume  and  their  rates  of  change  during  breathing  can  be  simulated,  which 
cannot  be  done  in  a  single  compartment.  Also,  the  conductive  chambers 
have  some  of  the  inherent  asymmetry  of  the  real  bronchial  tree  in  that 
pathways  to  alveolar  regions  are  shorter  to  the  upper  lobes  and  longer  to 
the  lower  lobes.  One  of  the  gradients  modeled  is  the  gradient  of  pleural 
pressure,  i.e.  pressure  at  the  surface  of  the  lung.  Forces  arising  from 
contraction  of  diaphragm  and  chest  wall  muscles  are  transmitted  to  the 
pleural  surface,  causing  lung  volume  to  change  by  the  change  in  applied 
pressure . 

The  originators  assume  a  hydrostatic-like  gradient  in  pleural 
pressure,  somewhat  as  if  the  lung  tissue  behaves  like  a  liquid^. 
However,  even  the  referenced  authors  stated  that  agreement  between  lung 
tissue  density  and  measured  pleural  pressure  gradient  in  dogs  could  have 
been  coincidental.  In  man  in  both  the  head-up  and  lateral  (lying  on  the 
side)  position  at  functional  residual  capacity  (FRC),  the  average  pleural 
pressure  gradient  is  slightly  more  than  0.2  cm  H2O  per  cm  vertical 
distance  down  tbe  lung3.  Lung  tissue  density  is  about  0.22  gm/ml.  In 
rabbits  and  dogs,  the  pleural  pressure  gradient  varies  with  body  position 
and  in  some  positions  is  not  constant,  and  similar  results  are  indirectly 
found  in  man3.  However,  for  a  given  species  and  posture,  pleural 
pressure  is  uniquely  related  to  percentage  of  lung  height^.  The  reasons 
for  the  gradient  are  probably  more  complex  than  tbe  fluid-like  model  and 
are  discussed  at  length  by  Agostoni3.  However,  Glaister^  contends  that 
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the  fluid-like  model  appear*  to  adequately  represent  the  underlying 
mechanics  during  acceleration.  Thus,  the  originators'  equation,  while 
possibly  not  based  on  sound  physical  grounds,  nay  empirically  describe 
the  situation.  More  research  is  needed  in  this  area  to  verify  this 
simple  relation. 

The  chamber  leading  to  the  exterior  of  the  airways  in  the 
originators'  Fig.  1  corresponds  to  the  volume  measuring  device  or 
spirometer.  However,  this  device  measures  only  volume  changes  and  not 
absolute  volume.  This  part  of  the  model  could  be  extended  to  include  an 
active  device  rather  than  a  purely  passive  one.  For  example,  a 
mechanical  ventilator  could  be  simulated  given  appropriate  driving 
functions.  This  would  be  an  interesting  spinoff  of  the  model  since 
mechanical  ventilator  design  just  recently  received  more  engineering 
input.  Also,  due  to  the  interest  in  defensive  measures  to  chemical 
warfare,  the  services  may  be  interested  in  compact  ventilators  for  field 
use.  The  originators  specify  that  source/sink  relations  for  individual 
gases  are  included  in  the  spirometer  chamber  so  that  life  support  systems 
(e.g.,  pilot's  cockpit)  can  be  modeled,  but  as  far  as  we  are  aware,  no 
ventilator  functions  have  been  included. 

The  originators  also  assume  that  conductive  and  alveolar 
chambers  have  ideal  mixing,  i.e.,  incoming  and  resident  gas  mix 
instantly.  For  numerical  methods,  this  means  within  one  integration  step 
(0.01-0.001  s).  They  argue  that  because  chamber  volumes  are  small  and 
flow  rates  high,  the  assumption  is  valid.  This  argument  is  true  in  the 
upper  conducting  airways  where  velocities  are  relatively  high,  volumes 
small  and  tubes  nonuniform,  factors  which  sll  result  in  increased  mixing. 
The  assumption  is  probably  valid  in  the  alveolar  compartments  where 
diffusion  over  the  very  small  distances  involved  is  effective  in  gas 
species  distribution.  In  the  region  in  between,  the  assumption  may  not 
be  valid.  In  the  bronchioles,  the  gas  velocities  are  low  (creeping  flow) 
but  distances  are  still  too  large  for  diffusion  to  be  effective  in 
mixing.  This  region  has  been  postulated  as  having  the  highest  resistance 
to  gas  transport  in  the  bronchial  tree^.  Consequently,  the  effects  of 
adding  sure  conductive  compartments  needs  further  study. 

The  mathematical  development  of  the  model  starts  with  a  volume 
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conversion  equation  for  the  thoracic  cavity,  which  ia  equated  to  lung  air 
volume  plua  a  constant  volume  comprised  of  pleural  fluid  and  lung  tissue. 
Though  not  explicitly  stated,  the  tissue  volume  must  include  blood 
volume.  Whether  blood  volume  should  be  treated  as  constant  is 
questionable,  particularly  if  the  model  is  to  be  integrated  with  a 
circulatory  model  (containing  a  pulmonary  circulation)  and  used  to  study 
blood  redistribution  with  hj ^ergravity .  In  support  of  this  criticism, 
Guyton?  states  that  while  the  lungs  contain  only  450  ml  of  blood  normally 
(9Z  of  total  blood  volume),  their  capacity  for  change  ranges  from  about 
50Z  to  200Z  of  that  volume.  For  example,  Guyton?  states  that  during 
"bugla"  bloving  (or  Valsalva  maneuver  with  a  slow  leak  or  "grunting," 
often  used  by  individuals  to  increase  their  tolerance  to  +GX) ,  the  high 
pressures  in  lungs,  thorax,  and  abdomen  can  cause  as  much  as  250  ml  of 
blood  to  be  shifted  out  of  the  pulmonary  circulation  and  into  the 
systemic  circulation.  In  addition,  blood  flow  in  thoracic  and  abdominal 
vena  cava  may  be  shut  off  until  microcirculation  pressure  becomes  greater 
than  thoracic  and  abdominal  pressures.  Thus  lung  blood  volume  must  be 
considered  variable  if  realistic  predictions  of  what  happens  to  blood 
volume  during  "grunting"  are  to  be  obtained. 

The  next  set  of  equations  described  are  the  equilibrium 
equations  of  forces  across  the  muscles  (pistons)  and  alveolar  chambers. 
Since  all  pressures  act  on  nearly  equal  (or  assumed  equal)  surface  areas, 
force  balance  becomes  a  pressure  balance.  Inertial  terms  are  considered 
negligible.  Modeling  the  alveolar  chambers  as  thin-walled  elastic 
elements  with  a  volume  dependence  of  elastic  "recoil"  pressure  is 
generally  acceptable.  The  additional  element  in  the  muscle  model  is  a 
force  or  pressure  generator  term  which  is  a  driving  function. 
Considering  the  complexity  of  the  entire  model,  a  simple  model  for  the 
actuators  is  probably  reasonable.  Mechanical  properties  of  alveolar 
compartments  are  nonlinear  but  uniform,  thus  due  to  the  pleural  pressure 
gradient,  interccmpar tmental  differences  in  the  distribution  of  inspired 
volume  are  predicted. 
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The  Modeling  of  the  diaphragm-abdomen  is  less  thsn  clear.  The 
setioa  of  these  two  muscle  groups  hss  been  lumped  together,  but  they  ere 
trested  sepsrstely  in  terms  of  msss  distribution.  Their  setion  is  lumped 
since  the  disphrsgm  is  predoainsntly  setive  during  inspirstion  end  the 
sbdomen  during  expiration.  Thus  s  single  force  bslsnce  equation 
simulates  the  reciprocating  setion  of  the  two  groups.  Haases  of  the  two 
ere  trested  sepsrstely  since  the  disphrsgm  is  mainly  horisontsl  while  the 
sbdomen  is  vertical  in  the  head-up  position.  Presumably,  values  for 
elastic  recoil  and  driving  pressures  together  with  mass  and  its  geometric 
distribution  must  be  supplied.  Other  thsn  s  general  statement,  no  values 
are  given  for  geometry  and  msss  distribution.  Presumably  sbdomen  and 
diaphragm  are  treated  as  thin  muscle  sheets  oriented  perpendicular  to 
each  other  as  shown  in  the  originators  figure. 

This  lack  of  information  is  but  one  example  of  a  common 
occurrence  in  the  originators  pulmonary  model:  verbal  descriptions  are 
provided  but  actual  data/equat ions  are  not,  as  least  in  the  written 
documentation.  If  these  dsts/equstions  are  in  the  computer  program  only, 
they  would  be  extremely  difficult  to  decipher  and  find.  In  fact,  a 
general  listing  of  symbology  for  all  relevant,  non-dummy  computer  program 
variables  is  not  available,  which  makes  deciphering  even  more  difficult. 

The  originators  then  state  the  need  for  four  more  sets  of 
equations.  The  ideal  gas  equation  can  be  written  for  each  alveolar 
compartment.  Secondly,  water  vapor  is  trested  separately  from  the  other 
gases  since  it  is  assumed  saturated  and  must  also  have  a  source.  Also, 
mass  balance  equations  can  be  written  for  each  chamber  and  pressure-flow 
equations  can  be  written  for  transport  between  chambers.  For  some 
unknown  reason,  the  pressure-flow  equations  are  deferred  to  a  later 
section  by  the  originators,  yet  in  the  ensuing  parsgraphs  they  lead  one 
to  believe  that  by  differentiating  and  algebraically  manipulating  the 
volume,  force  balance,  ideal  gas  and  mass  balance  equations  for  the  gases 
involved  plus  accounting  separately  for  saturated  water  vapor,  one 
obtains  the  complete  set  of  differcntisl  equations  describing  the 
dynamics  of  the  pulmonsry  gss  system.  The  pressure-flow  relstions  for 
the  conducting  airwsys  hsve  been  ignored  for  some  resson  snd  thus  for 
this  resson  slone  the  dynamics  cannot  have  bees  totslly  accounted  for. 
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motion  i«  identical  for  gas  flov  in  •  rigid  tubs,  liquid  flow  in  a 
uniform,  horizontal  open  channel,  or  incompreaeible  fluid  flow  in  a 
collapaible  tube: 


3u  ,  3u  1  3p 

3t  3x  p  3x 


(2) 


Where  u  ia  velocity,  t  i»  time,  x  ia  diatance  along  the  tube,  P  ia  naaa 
denaity  of  the  fluid  and  p  ia  preaaure.  The  continuity  equationa  are 


+  _2_(Au)  >  o  for  a  collapaible  tube  (3a) 

a  t  d  X 

—■  +  --<CU)  ”  0  for  gaa  flow  in  a  rigid  uniform  tube  (3b) 


-  0  for  horirontal,  uniform  open  channel  flow  (3c) 

d  C  <3  X 


In  theae  equations,  A  ia  croaa-aect ional  area  and  h  ia  free  surface 
height.  Mote  that  A,  p  ,  and  h  play  analogous  roles  in  their  respective 
equationa.  The  propagation  velocity  of  small  disturbances  ia  related  to 
the  rate  of  change  of  preaaure  with  A,  p  ,  and  h,  respectively  for  the 
three  casea  (see  Eq.  (1)  for  the  collapsible  tube  case). 

Consequently,  the  originators'  model  may  be  valid  only  in  the 
range  of  breathing  flov  rates  such  that  velocity  in  any  given  bronchus  ia 
much  leas  than  the  local  wave  speed.  Their  simulation  of  maximal 
expiration,  which  gave  them  trouble  and  understandably  so,  is  not 
consistent  with  the  currently  accepted  theory  of  flow  limitation  in 
collapsible  tubes.  Thus,  their  maximal  flow  predictions  are  not 
acceptable  to  this  reviewer,  even  though  they  claim  to  adequately 
describe  experimental  data.  Since  submazimal  breathing  has  bronchial 
velocities  which  may  be  much  smaller  than  wave  speed,  these  predictions 
may  be  acceptable,  although  some  reservations  about  the  baodling  of 
airway  resistance  are  to  follow. 
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Treatment  of  airway  reaiatence  by  the  originators  initially  vaa 
samitheoretical.  Rohrer'*  equation  for  bronchial  flow  reaiatance  waa 
cited  and  ita  ttraa  explained.  Rohrer'a  equation  ia  a  quadratic 
praaaure-f low  relation  of  the  airvaye  in  which  the  flow  aquared  term 
accounta  for  turbulent  preaaure  loaaea  and  the  linear  term  for  preaaure 
loaaea  in  laminar  flow.  Other  inveatigatora  have  disputed  thie  claim?, 
but  we  have  ahown  ita  validity  in  rigid  tracheobronchial  models*?*^  and 
in  exciaed  human  lunga  during  ateady  eubmaximal  expirationa  over  a  wide 
range  of  phyaiological  flow  rates*2.  In  the.  e  atudiea  we  propoae  a 
dimenaionleaa  form  of  the  equation  which  correlatea  air  and  other  gaa 
mixturee  on  a  aingle  curve.  Thit  equation  haa  alao  been  incorporated 
into  a  model  of  maximal  expiratory  flow  in  which  airwaya  were  allowed  to 
be  collapaible*^  .  Good  agreement  with  experimental  data  for  aubjecta 
maximally  expiring  different  gaa  mixturea  of  widely  varying  propertiea 
waa  obtained  from  the  model.  The  latter  model  incorporataa  the  theory  of 
flow  limitation  at  wave  apeen  presented  above  and  alao  includaa 
frictional  effecta  via  the  Rohrer  equation  inaerted  in  the  equation  of 
motion. 

At  tbia  point,  due  to  difficultiea  in  applying  the  Ro’  rer 
equation  to  high  expiratory  flowa,  the  originators  abandon  it  in  favor  of 
a  purely  empirical  curve  fitting  of  airway  reaiatance  data  at  aeveral 
lung  volume a  obtained  from  the  literature.  Submeximel  pressure-f low 
predict iona  they  deemed  edequate.  We  contend  in  thia  report  that  the 
failure  to  predict  maximum  expiratory  flow-volume  (MZFV)  curvea  ia  not 
due  to  the  inadequacy  of  the  Rohrer  and/or  lung  compliance  equationa  aa 
ia  atated  in  the  originatora'  report,  but  arises  from  failure  to  consider 
the  mechanism  of  flow  limitation  in  collapsible  tubes.  This  is 
demonstrated  by  the  adequacy  of  predictions  made  by  the  model  referred  to 
in  the  last  paragrapn  which  did  consider  flow  limitation.  The 
originators'  "predictions"  seem  to  ba  not  much  more  than  e  curve  fitting 
of  clinical  data  and  not  an  analytical  model  based  on  airway  mechanics. 
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A  few  additional  comments  on  aoaa  of  tba  assumptions  listed  in 
tba  originator a '  chapter  on  airway  reaiatance  are  appropriate.  They 
atate  that  reaiatance  to  flow  through  the  upper  airway  (exterior  to  the 
lunga)  ia  not  a  function  of  lung  volume.  Staoeacu  at  al.**  have  ahown 
that  upper  airway  resistance  ia  a  function  of  long  voluae,  flow  magnitude 
and  direction,  and  breathing  frequency.  The  priaary  site  for  the 
reaiatance  and  ita  variation  with  the  above  paraaetera  eeeaa  to  be  the 
glottia  (the  opening  between  the  vocal  corde),  which  can  change 
crose-aeetion  greatly— from  zero  to  aaxiaally  open.  The  variable 
reaiatance  of  the  upper  airway  can  greatly  confuae  the  interpretation  of 
overall  airway  reaiatance.  It  ia  for  thia  reaaon  that  reaiatance  ia 
uaually  aeaaured  while  aubjecta  pant  ahallowly  aince  tbit  cauaea  the 
glottia  to  atay  maximally  opan,  thua  atabilixing  and  minimising  the 
contribution  of  the  upper  airway.  The  variability  of  upper  airway 
geometry  may  be  one  cauae  of  the  recent  findisga  in  man  ahoving  that 
dimensionless  plotting  of  airway  raaiatance  va.  characteristic  Eeynolda 
number  do  not  conaolidate  data  obtained  with  different  gaaea  on  the  aame 
curve**, 16.  Theae  findinga  are  in  direct  contradiction  to  our  findinga 
for  ateady  flow  in  rigid  tracheobronchial  modalc  and  axciaed  lungs. 
Since  Stancacu  at  al.  do  not  give  actual  glottal  areae  but  only  relative 
changaa ,  it  ia  not  poaaible  to  eatimate  glottal  reaiatance  and  ita 
variation.  However,  the  direction  of  the  glottal  changaa  with  flow  rate 
and  frequency  are  in  the  correct  direction  to  qualitatively  explain  the 
diacontinuoua  dimeneionleae  reaiatance  curvee.  Unsteady  flow,  aa  occura 
during  panting,  faaa  been  ahown  to  cause  diacontinuoua  dimensionless 
resistance— "Eeynolda  number  curves  on  rigid  tracheobronchial  models^. 
These  problems  are  just  soma  of  the  raaaona  why  airway  reaiatance  ia  so 
poorly  understood,  thus  lass  fraquently  used  aa  a  pulmonary  function 
teat.  Some  accounting  for  the  variability  of  uppar  airway  geometry  and 
unsteady  flow  effects  on  airway  resistance  should  be  topics  for  future 
research  and  revisions  of  the  pulmonary  model.  More  immediate,  however, 
would  be  the  incorporation  of  flow  limitation  in  collapsible  tubes. 
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IV.  CIICULATOtY  MODEL 


A.  Brief  Paacriotior. 

Tb«  originatore'  circulatory  aodal  vu  firet  daacribad  in  tbair 
Dacaabar  1979  progreaa  raport  and  eubaequently  publiabad  paper*®.  Tba 
aodal  includaa  ayataaic  and  pulaonary  circulation  eleaentr.  Tba  baaic 
aaauaption  for  tba  blood  vaaaala  ia  that  many  branching  veaeula  can  ba 
troatad  aa  a  aingla  unifora  veaael.  Howevar,  ayataaic  and  pulaonary 
arteriee,  vaina  and  capillariaa  ara  aaparata  alaaanta.  In  addition, 
aaall  vaina,  lag  vaina,  and  larga  vaina  ara  differentiated.  Tba  ayataaic 
circulation  includaa  a  four-chaaberad  punping  baart,  ayataaic  artariaa, 
tiaaua  coapartaanta  rapraaaating  baad,  uppar  torto,  lower  torao,  logo, 
and  raturn  of  blood  to  tba  baart  through  aaall  and  largo  vaina.  Tba 
pulaonary  circulation  baa  blood  coapartaanta  paralleling  tba  ventilation 
coapartaanta  diacuaaad  in  tba  pulaonary  aodal  above.  A  aodal  alaaant 
includaa  a  capacitive  alaaant  or  aodal  ebaabar  and  a  raaiativo  alaaant  or 
aodal  aagaant.  Three  typea  of  ebaabera  ara  included  which  aiaulata  lung 
capillariaa,  tiaaua  capillariaa,  and  vaaaala  with  no  gaa  axebanga 
capability.  Heart  and  lag  vain  valvaa  ara  alto  included.  Flow  through 
tba  lag,  aitral  and  tricuapid  valvaa  la  controlled  by  praaaura 
differential  only,  vbaraae  aortic  and  pulaonary  valvan  are  aodalad  to 
include  inertial  cloaing. 

Tba  equation#  of  tba  aodal  ara  divided  into  four  arena >  axial 
blood  flow,  tranevarae  vaaaal  wall  notion,  praaaura-voluae  ralat ionahipa 
for  alaaanta,  and  gaa  tranaport.  Theae  will  ba  diacuaaad  aora  in  detail 
below. 

Tba  circulatory  aodal  baa  apparentl)  undergone  revialon  ainca 
ita  initial  foraulation  ia  1979.  The  originator*'  loveaber  1980  progreaa 
report*®  outlined  two  problea  area*:  (1)  pooling  of  blood  even  undar 
noraal  gravity  in  the  head-up  aittiog  poaition  and  (2)  nuaarical 
inatability  of  the  integration  routine  when  pooling  occur#.  Whether 
tbaaa  problaa  were  corrected  ia  tbair  publiahcd  work  ia  uncertain,  but 
ia  tba  latter,  they  etreee  tba  need  for  aodifying  tba  handling  of  the 
praaaura-voluae  (P-V)  relationship*  of  circulatory  alaaanta  aa  wall  aa 
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incorporating  feedback  control.  The  latter  ia  an  eiaential  part  of  a 
complete  circulatory  model  and  the  primary  phy aiological  deficiency  in 
the  originatora'  circulatory  model.  The  P-V  relationships  are  associated 
with  numerical  instabilities  (or  so  the  origiuators  state)  due  to  the 
fora  of  the  P-V  equation  at  large  pressures,  at  which  volumes  approach 
asymptotic  values.  They  suggest  that  handling  the  equations  in  a 
"slightly  store  complex  numerical  manner”  will  alleviate  the  problem, 
which  arises  when  large,  sustained  whole-body  accelerations  are  imposed. 
Whether  these  changes  in  numerical  methods  had  been  accomplished  by  the 
end  of  the  funding  period  is  not  clear,  since  no  mention  of  them  is  made 
in  the  final  report.  Based  on  recent  personal  communications  with  the 
originators,  feedback  control  equations  were  not  iully  implemented  in  the 
computer  program  available  at  the  time  of  the  final  report. 

B.  Critique. 

The  equations  for  axial  motion  of  the  blood  through  the 
segments  are  derived  from  conservation  of  linear  momentum  and  mass  for  a 
deformable  control  volume.  Segment  length  is  assumed  constant  in  all 
segments  of  the  model.  Cross-sectional  area  is  assumed  constant  in  the 
aorta  and  pulmonary  artery.  Cross-sectional  area  is  assumed  uniform  in 
peripheral  segments,  but  must  vary  as  segment  volume  varies.  Segment 
volume  in  turn  is  a  function  of  transmural  pressure.  The  assumption  of 
segment  uniformity  appears  to  be  violated,  since  the  axial  motion 
equation  predicts  a  decrease  in  internal  pressure,  which  for  constant 
external  pressure  would  mean  decreasing  transmural  pressure  along  the 
vessel  length  and  thus,  decrease  in  volume.  Presumably,  this  is  handled 
by  the  Windkessel-type  model^O,  in  which  each  model  element  is  considered 
to  be  a  distensible  chamber  in  series  with  a  rigid  tube.  However,  the 
model  is  an  extension  of  the  single  element  Windkessel  model  in  that 
inertial  terms  in  the  flow  equation  a^e  included  (at  least  in  the  larger 
vessels)  and  several  elements  representing  different  body  tissues  are 
connected  together.  The  force  terms  in  the  momentum  equation  include 
pressure,  weight,  and  frictional  forces.  The  latter  are  modeled  by 
iohrer's  equation  discussed  previously  in  the  pulmonary  section  of  this 
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report.  Alio,  no  accounting  for  the  phenomena  of  flov  limitation  in 
collapsible  tubes  is  made.  Flow  limitation  is  likely  to  occur  at  the 
entrance  of  small  venules  of  the  pulmonary  circulation  and  in  the  vena 
cava  of  the  systemic  circulation®.  In  addition,  it  may  occur  in  thoracic 
arteries  during  maneuvers  which  increase  intrathoracic  pressure®.  This 
problem  could  be  at  least  partially  remedied  by  comparing  flov  speed  with 
wave  speed  in  the  various  segments  of  the  model  and  adjusting  the 
calculation  procedure  depending  upon  how  close  flov  speed  is  to  vave 
speed. 

Also,  no  mention  is  made  of  the  non-Nevtonian  behavior  of  blood 
flov.  This  is  especially  true  in  the  smaller  vessels  vhere  lower  shear 
rates  exist  and  the  non-Nevtonian  behavior  is  more  pronounced^ .  In  this 
case,  the  Poiseuille-Hagen  equation  should  at  least  be  modified  by  an 
appropriate  factor. 

The  gas  transport  equations  for  a  compartment  at  present 
include  those  for  Oj  and  CO2  only.  Molar  conservation  equations  for  the 
latter  are  written,  with  terms  accounting  for  flov  transport  in  and  out, 
diffusion,  and  volume  change  of  a  compartment.  Perfect  mixing  in  each 
element  and  instantaneous  equilibrium  between  gases  in  solution  in  plasma 
and  bound  to  hemoglobin  are  assumed.  A  uniform  diffusion  gradient  within 
vessel  vails  is  also  assumed.  Equations  for  moles  of  Oj  dissolved  in 
plasma  and  bound  to  hemoglobin  are  vritten.  The  CO 2  content  of  blood  vas 
not  separated  into  plasma  and  hemoglobin  content,  but  a  single  equation 
relating  the  moles  of  CO2  in  a  chamber  to  the  product  of  partial 
pressure,  vhole  blood  volume,  and  a  saturation  function  was  vritten.  The 
saturation  function  was  taken  from  the  work  of  other  investigators.  All 
in  all,  the  gas  transport  equations  sppear  satisfactory  in  form.  Some  of 
the  parameters  such  as  the  diffusion  coefficients  and  metabolic  rates  of 
O2  and  CO2  disappearance  and  appearance  are  probably  varied  to  obtain  a 
good  simulation  of  normal  data.  In  fact,  parameter  studies  should  be  the 
first  investigations  of  a  model  with  so  many  values  left  to  the 
investigator's  choosing.  The  possible  nonuniqueness  of  solutions  where 
so  many  parameter  values  are  left  as  inputs  to  the  model  is  a  definite 
drawback  to  multicompar tment  models. 


120-16 


~ »  -V-V-  V  -  l  »  v»*  »  V»  V  »  y*  r-% 


Although  the  originator*  pretent  feedback  control  equations  in 
their  final  report,  these  were  never  fully  incorporated  into  the  computer 
program.  Thus,  the  program  currently  available  has  no  feedback  control. 
Since  the  model  was  designed  to  study  short-term  effects,  the  physiologic 
controls  simulated  are  the  baroreceptor  and  chemoreceptor  reflexes. 
These  reflexes  are  mediated  by  their  action  on  heart  rate,  heart 
contractility,  and  vascular  compliance/resistance.  These  additions  are 
currently  part  of  the  Ph.D.  dissertation  research  of  David  Martin  at  the 
University  of  Texas.  His  expectation  for  finishing  this  is  by  summer 
1985.  Consequently,  to  have  a  reliable  working  computer  model  of  the 
cardiopulmonary  system  which  includes  feedback  control,  we  must  either 
wait  for  Martin's  results  or  make  an  effort  on  our  own.  In  Martin’s 
opinion,  the  cardiopulmonary  model  without  feedback  control  is  not 
helpful  in  modeling  the  short-term  physiological  effects  of  acceleration. 
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V.  RECOMMENDATIONS : 

Th«  framework  upon  which  the  cardiopulmonary  model  is  built  appears 
to  be  acceptable.  The  multicoopartments  allow  regional  variation  which 
has  not  been  simulated  in  previous  models.  However,  the  lumped  nature  of 
its  many  compartments  allows  for  integration  with  respect  to  time  but 
does  not  consider  spatial  variation  within  a  compartment.  For  example, 
coupled  effects  such  as  pressure  drop  in  a  vessel  or  airway  causing 
nonuniform  narrowing  are  not  accounted  for.  Consequently,  the  following 
modif ications/additions  are  recommended  for  future  study. 

1 .  Incorporate  the  theory  of  flow  limitation  in  collapsible  tubes 
in  both  the  pulmonary  and  circulation  parts  of  the  model. 

2.  Revise  the  pressure-area  equations  for  vessels  to  simulate  data 
for  negative  as  well  as  positive  transmural  pressures.  Currently,  only 
the  latter  are  modeled.  This  is  important  since  some  of  the  most 
interesting  collapsible  tube  flow  phenomena  occur  around  aero  transmural 
pressure. 

3.  Investigate  the  need  for  more  complex  modeling  of  the  pleural 
pressure  gradient. 

4.  Replace  the  empirical  resistance  formulas  in  the  pulmonary 
model  with  the  experimentally  proven  Rohrer's  resistance  equation.  This 
equation  written  in  dimensionless  variables  is  also  appropriate  for  flow 
of  gases  other  than  air.  Rohrer's  equation  has  also  been  included  in  a 
previous  model  of  maximal  expiration^  which  uses  the  theory  in  1.  and 
Rohrer's  equation  is  alsc  currently  used  in  the  circulatory  model. 

3.  Include  feedback  control  in  the  circulatory  part  of  the  model. 
Investigate  the  need  for  feedback  control  in  the  ventilatory  model  as 
well.  The  version  recently  received  at  AFAMRL  has  no  feedback  control  in 
either  portion.  Control  is  probably  more  important  in  the  short-term 
cardiovascular  function,  but  the  possibility  of  impaired  gas  exchange  may 
lead  to  breathing  changes  mediated  mainly  through  the  effects  of  CO 2  on 
respiratory  centers. 

6.  Clean  up  the  coding  of  the  programs  and  make  the  input/output 
more  user  friendly.  In  this  regard,  investigate  the  possibility  of 
writing  the  model  in  a  simulation  language,  such  as  ACSL  (Advanced 
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Continuous  Simulation  Language).  Documentation  of  computer  variables  and 
explanation  of  the  flow  of  the  program  is  poor  and  should  be  improved. 
Adding  user-friendly  input/output  graphics  is  also  desirable,  which  is 
part  of  the  package  of  ACSL. 

7.  Correct  other  problems  as  detailed  in  the  body  of  this  report. 
In  some  cases  this  may  require  experimental  data  on  some  aspect  of  lung 
or  circulation  function  in  addition  to  that  available  in  the  literature. 
For  example,  the  effect  of  unsteady  flow  on  resistance  in  lung  airvays 
has  not  been  quantified  completely.  Pressure-flow  behavior  of  the  upper 
airways  also  needs  quantification  with  respect  to  the  appropriate 
parameters.  In  vivo  pressure-area  behavior  of  the  smaller  vessels  and 
bronchi  is  difficult  to  obtain  and  may  have  to  be  approximated. 
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ABSTRACT 


A  brief  review  of  the  history  of  seat  cushions,  modeling  and 
analysis.  In  addition  to  a  qualitative  description  of  their  Influence 
on  occupants  during  ejection  or  Impact  Is  first  presented.  Next,  two 
nonlinear  modeling  approaches  are  described.  The  first  Is  based  on 
the  mathematical  theory  of  nonlinear  viscoelasticity  where  the  consti¬ 
tutive  equations,  relating  stresses  and  strains,  are  written  as  a 
hereditary  Integral.  This  theory  makes  use  of  expressing  the  stress 
by  a  polynomial  expansion  In  linear  functionals  of  strain  history.  A 
■rlnlmuii  of  two  different  levels  of  stress  are  needed  In  single-step 
creep  tests  to  determine  the  mechanical  properties  of  the  nonlinear 
material.  The  second  approach  Is  based  on  the  step-by-step  Integra¬ 
tion  method  where  the  nonlinear  behavior  Is  approximated  by  a  sequence 
of  successively  changing  linear  systems.  The  damping  and  stiffness 
properties  are  based  on  the  current  deformed  state  at  the  beginning  of 
each  time  Increment  and  hold  constant  durlnq  that  Increment.  These 
mechanical  properties  are  computed  from  the  damping  force  versus 
velocity  and  the  stiffness  versus  displacement  curves.  Finally,  the 
seated  man  model.  In  series  with  the  seat  cushion  model.  Is  recom¬ 
mended  for  Investigating  qualitatively  the  Influence  of  the  seat 
cushions  on  spinal  Injuries  during  ejection. 
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I.  INTRODUCTION 


As  Inflight  refueling  Is  becoming  s  routine  operation,  the  aircraft 
mission  durations  are  on  a  constant  Increase,  making  comfort  very 
critical  for  aircrew  effectiveness .  This  Is  changing  the  criterion 
upon  which  seat  cushions  are  being  designed.  In  addition  to  this,  the 
ever- Increasing  need  of  faster  aircraft  with  higher  performance  capa¬ 
bilities  leads  more  to  the  likelihood  of  escape  during  supersonic 
flight  and  a  higher  probability  of  escape  during  violent  aircraft 
motions. 1  This  Is  Increasing  the  difficulties  of  ejecting  crew 
members  fast  enough  to  clear  the  vertical  fin  at  high  dynamic  pressure 
and  to  reach  a  safe  height  from  low-altitude  escapes.  Therefore, 
there  Is  understandable  pressure  and  a  need  to  Increase  the  Impulse  of 
rocket/  catapult  accelerators  to  levels  never  perceived  before.  This 
urge  to  Increase  the  Impulse  and  the  need  to  also  Increase  the  seat 
cushion  thickness  for  comfort  Is  escalating  the  likelihood  of  ver¬ 
tebral  Injury  due  to  the  possible  magnification  of  the  acceleration 
forces  acting  on  the  occupant  of  the  seat  during  ejection  or  Impact. 

During  a  seat  ejection  a  large  headward  force  Is  suddenly  applied  to 
the  aircraft  seat.  This  force  Is  then  transferred  through  the  seat 
cushion  to  the  seat  occupant.  The  mechanical  properties  of  the  seat 
cushion,  such  as  stiffness,  damping  and  thickness  can  Influence  the 
magnitude  and  duration  of  this  transferred  force.  The  most  desirable 
seat  cushion  Is  the  one  that  can  act  as  an  efficient  shock  absorber, 
thus  decreasing  the  force  acting  on  the  seat  cccupant.  This  Ideal 
situation  can  be  accomplished  by  transmitting  gradually  the  #orce  from 
the  seat  to  the  occupant  while  the  cushion  Is  being  deformed  slowly, 
thus  causing  the  occupant's  acceleration  to  be  smaller  or  lower  than 
the  seat,  but  over  a  longer  time  period  so  that  final  velocities  of 
both  the  seat  and  occupant  are  the  same. 2  With  a  thick  cushion  of  low 
damping  resistance,  the  force  acting  on  the  seat  consumes  an  appreci¬ 
able  time  Interval,  compressing  the  cushion  and  with  very  small  force 
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being  transferred  during  that  tine.  Thus,  for  a  short  time  the 
occupant  Is  lagging  In  movement  behind  the  seat  which  Is  picking  up 
velocity.  After  bottoming  occurs,  the  occupant  Is  Impacted  by  the 
seat,  and  the  occupant,  for  an  Instant,  Is  accelerated  more  rapidly 
than  the  seat.  The  relative  lag  In  the  movement  of  the  occupant, 
relative  to  the  seat,  causes  surplus  kinetic  energy  to  be  stored  by 
the  seat.  Later,  during  the  ejection  (during  the  bottoming)  this 
excess  kinetic  energy  Is  shared  between  the  occupant  mass  and  the  mass 
of  the  seat.  This  excess  kinetic  energy  can  produce  an  overshoot  of 
acceleration  acting  on  the  occupant  body.  This  problem  can  be  solved 
by  using  a  high  damping  material  In  addition  to  decreasing  the  cushion 
thickness  such  that  under  normal  weight  It  Is  almost  fully  compressed, 
thus  significantly  lowering  the  kinetic  energy  stored  during  the  move¬ 
ment  lag,  which  In  turn  reduces  the  potential  of  overshoot  of 
acceleration. 

Latham8  and  Bondurant4  were  the  first  to  Investigate  the  effect 
of  cushions  on  ejection  seat  performance.  Hodgson  et  al®  conducted 
cadaver  tests  Investigating  the  Increased  spinal  loads  due  to  cushions 
In  comparison  to  non-cushion  conditions.  Then  based  on  a  study  by 
Whlttenberg6,  urethane  foams  were  found  to  be  acceptable  as  seat 
cushion  materials.  Similar  studies  by  Glalster7  resulted  In  recom¬ 
mending  polyurethane  foam  as  a  desirable  material.  After  the 
development  of  lumped  parameter  dynamic  models  Independently  by  von 
Slerke,  Kornhauser8  and  Payne, *  additional  work  on  the  analysis  of 
seat  cushion  dynamics  was  performed  by  Payne*8  showing  analytically 
rough  estimates  of  the  effect  of  the  seat  cushion  on  the  response  of 
the  human  body  to  acceleration  Input. 

In  describing  natural  phenomena,  one  can  represent  the  physical  laws 
that  are  applicable  In  terms  of  rather  complex  equations.  To  reduce 
the  complexity  of  the  equations,  certain  assumptions  more  or  less  con¬ 
sistent  with  the  physical  situation  can  be  made.  The  seemingly  most 
popular  assumption  Is  that  of  linearization  of  the  physical  phenomena 
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which  In  turn  leads  to  simpler  equations  for  the  Idealized  problem. 
This  Idealization  Is  In  many  Instances  Inadequate  to  describe  or 
predict  the  behavior  of  physical  systems.  In  fact,  nonlinear  analysis 
usually  leads  to  new  phenomena  that  cannot  be  predicted  by  the  linear 
theory.  On  the  other  hand,  many  observed  phenomena  are  unexplainable 
or  unjustifl able  except  by  considering  the  nonllnearltles  present  In 
the  system. 

Unfortunately,  this  linearization  process  has  almost  always  been 
assumed  In  describing  the  behavior  of  seat  cushions. H  In  1968 
Shaffer,!?  using  analog  computer  and  the  nonlinear  experimental 
cushion  force-def lection  curves  In  conjunction  with  the  spinal  man- 
model,  analyzed  the  effect  of  cushlos  on  the  dynamic  response  Index. 

A  year  later,  Payne^  tried  a  similar  model  and  tried  to  correlate  his 
results  w<th  those  of  Shaffer.  Both  Investigators  realized  the  need 
for  more  sophisticated  study  In  which  a  lower  "pelvic  mass"  Is 
Included  In  the  model  of  the  mj,i.  Thus,  we  can  see  the  need  to 
explore  with  more  depth  and  better  eyperlments  the  optimum  nonlinear 
constitutive  equations  that  best  describe  the  nonlinear  behavior  of 
seat  cushions. 

II.  OBJECTIVES 

The  main  objective  of  this  study  Is  to  develop  a  systematic  procedure 
or  method  to  explore  the  formulation  of  the  governing  equations  that 
best  describe  the  nonlinear  behavior  of  seat  cushions.  In  summary, 
the  main  objectives  are: 

A.  To  find  the  best  possible  constitutive  stress-strain  equation 
that  best  predicts  the  behavior  of  seat  cushion  under  Impact  loads. 

B.  To  Investigate  experimental  means  of  determining  the  mechani¬ 
cal  properties  which  enter  the  constitutive  relations  of  nonlinear 
viscoelasticity  theory. 
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A  secondwy  objective  of  this  study  Is  to  determine  th«  feasibility 
and  the  degree  of  difficulty  Introduced  In  determining  the  material 
properties  of  the  seat  cushions  from  the  single-level  creep  or  stress- 
relaxation  tests. 

III.  NONLINEAR  VISCOELASTICITY 

The  nonlinear  viscoelastic  theory  similar  to  the  linear  one  Is  based 
on  the  memory  hypothesis.  This  simply  means  that  the  current  value  of 
stress  or  strain  Is  determined  by  the  complete  past  history  of  strain 
or  stress,  respectively.  The  development  of  the  nonlinear 
viscoelastic  theories  follows  In  many  aspects  the  lines  suggested  by 
the  well-established  theories  of  nonlinear  elasticity.  Because  of  the 
memory  for  past  events  and  many  other  complications,  the  application 
of  the  viscoelastic  theories  has  not  achieved  the  popularity  that 
nonlinear  elasticity  has  attained. 

A  good  review  of  the  development  of  the  nonlinear  theory  of  visco¬ 
elasticity  up  to  1952  was  given  by  Trues<  all14.  Between  1952  and 
1959,  Green  and  Rlvlln15  and  later  Green,  Rlvlln  and  Spencer15 
developed  an  Isothermal  theory  of  viscoelasticity  based  on  the 
approximation  of  stress  or  load  functional  by  an  expansion  of  poly¬ 
nomial  In  terms  of  linear  functionals.  The  Green  and  Rlvlln  theory 
Is  primarily  based  on  the  Rlvlln  and  Erlcksen12  one  which  states  that 
the  component  of  stress  at  time  t  depends  only  on  the  gradients  of 
displacement  such  as  velocity,  acceleration,  second  acceleration  up  to 
(n-l)th  acceleration  at  time  t.  The  Green  and  Rlvlln  theory  states 
that  stress  at  time  t  depends  on  the  displacement  gradients  at  time  t 
and  at  N  previous  Instants  of  time  In  the  Interval  0  to  t.  In  1964 
Coleman10  developed  his  general  thermodynamic  theory  for  material  with 
memory  based  on  the  fading-memory  principle  developed  by  Coleman  and 
Roll.1*  The  most  recent  proposed  theory  Is  that  of  Laws20  which  Is 
an  alternative  thermodynamic  theory  that  could  have  many  applications 
In  fluid-type  problems. 
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IV.  DERIVATION  OF  CONSTITUTIVE  RELATIONS  FOR  SOLIDS 


Calling  the  coordinates  of  a  typical  particle  In  the  reference  con¬ 
figuration  with  reference  to  fixed  rectangular  Cartesian  axes.  If  we 
define  x;  the  deformed  configuration  coordinates  of  the  same  particle 
at  any  time  and  refer  to  the  same  fixed  axes  as  those  used  for  X|<, 
then  the  entire  deformation  history  can  be  written  as 

X1(T)  .  xi(Xr.t)  (1) 

The  deformation  gradient  can  then  be  written  as  the  partial  deriva¬ 
tives  with  respect  to  reference  coordinates 

*i,l(Xk.*)  ■  (2) 

As  stated  previously,  the  theory  of  “simple  materials"  Is  founded  upon 
the  condition  that  the  current  value  of  the  field  variables  depends 
upon  the  past  history  of  the  deformation  gradient.  Thus,  the  consti¬ 
tutive  relation  can  be  written  as 

°1J  "  Xl^  xJ.L(XK.tT]  (3) 

where  X-jj  Is  a  functional  that  does  not  vary  or  change  with  respect  to 
time  and  which  satisfies  time  translation  Invariance.  Such  restric¬ 
tions  automatically  exclude  yielding  behavior  due  to  the  changes  of 
the  constitutive  relations  before  and  after  yielding  occurs.  The 
theory  of  slmole  material  described  below  Is  due  to  Noll^l,  and 
some  of  Its  applications  shall  be  made  to  solids  where  the  reference 
axes  are  those  of  the  undeformed  configuration.  Defining  the  strain 
as 


2E<l(Xk,t)  “  xk,K*xk,l“5KL 


(4) 


where  Is  the  Kronecker  symbol.  Note  that  In  (4)  the  lower  Indices 
designate  tensor  components  with  respect  to  the  deformed  configuration 
coordinates  while  upper  case  Indices  designate  tensor  components  with 
respect  to  the  reference  configuration  coordinates.  Thus,  E|<i  repre¬ 
sents  the  strain  with  respect  to  the  undeformed  configuration. 


Combining  the  local  entropy  production  Inequality  with  the  local 
energy  balance  yields  the  following  Inequality 


-pA  ♦  °1jdij>,  0 


(5) 


where  p  Is  the  mass  density,  A  the  specific  stored  energy  (per  unit 
mass),  aij  the  Cauchy  stress  tensor  defined  with  respect  to  the 
deformed  configuration,  and  d-f j  Is  expressed  In  terms  of  the  velocity 
gradient  as 


2dlj  •  vi j  ♦  vjj 

(6) 

vi(‘ )  *  *i(t,X*)  or  vi  •  Vi(t) 

(7) 

The  super  .npcseu  dot  designates  partial  differentiation  with  respect 
to  t'me.  Based  o^'  'he  memory  hypothesis,  the  stored  energy  can  be 
rewritten  as  a  functional  of  the  past  history  of  the  deformation 

A  :  *  (  XL(t-s)  .EKL(t))  (8) 

s*0 

where  the  dependence  of  the  strain  upon  the  coordinates  Is  Implied. 
No  discontinuity  of  the  functional  with  respect  to  strain  Is  allowed. 


To  differentiate  (8)  with  respect  to  time,  first  we  define 


Eia(t-s)Eia(t 


4 


(9) 
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where  h(s)  Is  a  monotonlcally  decreasing  function  called  an  Influence 
function  of  order  r  such  that 

11m  srh(s)  -  0  (10) 

This  collection  of  histories  with  a  finite  norm  forms  a  Hilbert  space. 

oo 

Also  note  that  the  energy  functional  ?„  (  )  Is  taken  to  be  a  Frechet 

s*Q 

differentiable  In  that  Hilbert  space  thus 

SI0( eKL< t_s)  +  5EKL.EKL(t))  “sfo^KlJt-s)  *EKL(t)) 

+  s^0(EKL(t+s),EKL(t)/«EKL(t-s)  (11) 

+  0|(«  EKL(t-s)| 

ao 

whereof  )  Is  the  first  order  Frechet  differential  which  Is  linear 
in  6Ejc'|(t-s),  and  continuous  in  all  variables.  This  functional  expan¬ 
sion  Is  similar  to  a  Taylor  series  expansion  for  functions.  Using  the 
Frechet  differential  In  (8)  which  can  then  be  substituted  Into  (5) 
yields 


tJ1jd1J‘c5ri^T)sI^EW-(t-s)»EKL(t)EKL  +  p^q(  0  (12) 

where 

J0(  >  *  jJq  (eKL( t_s)  *eKL( t)  d^[t~S))  (13) 

substituting  for  E|<i  *  d-jjxf^  in  (12)  we  then  get: 

j-p  3_i__  sf0  (  Ekl(  t -s)  ,  EKL(  t))x  i ,  Kx  j  JJ  dij  +oA^  )  ^0  (14) 

For  (14)  to  vanish  for  a  given  deformation  history  implies  that 

°1J  "  °7E^7T)s=iE KL<t"s)»EKL(t))xi,KXj,L  <15) 

and 

pA  (  '  >  0  (16^ 

s-0  ^ 
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which  Implies  that  the  rate  of  dissipation  of  energy  must  be  positive 
or  zero.  Thus,  the  constitutive  relation  written  In  a  more  symbolic 
form  Is 


aiJ  "  P^KL  X1,RXJ*L  (17) 

If  the  material  Is  Isotropic,  some  simplification  can  then  be  made  In 
rewriting  the  stored  energy  as  a  functional  of  Invariants  of  the 
history  of  the  strain  function. 

Let  us  now  represent  the  stored  energy  A  by  using  the  approximation 
theorem  outlined  below  and  which  was  first  suggested  by  Chacon  and 
Rlvlln.22  Based  on  the  Stone-Welers trass  theorem,  let  f(i) 
designate  the  linear  functionals 

f(1)  ’5/1)  (EKL(t-sUKL(t))  1  •  1,2,..,  N  (18) 

Thus  the  stored  energy  functional  can  be  approximated  by  the  expansion 
N  N  N 

A  «Z>(1)  ♦  II/(1)f(j)  +  ....  (19) 

1*1  1*1  >1 

where  the  polynomial  expansion  Is  truncated  at  the  level  Involving  N 
products.  Using  the  Rlesz  representation,  the  linear  functionals  can 
be  represented  as  a  Stelltjes  Integral  such  as: 

f(1)  -)  Ew.(t-s)dgjM)(s)ds  (20) 

where  ® 

90)(t)  «  0  t  <  0  (21) 

and  where  gO)(i)  and  their  first  derivatives  are  assumed  to  be 
continuous  fort>o.  Integrating  by  parts  equation  (20)  we  then  get 

f(1)  m[m  ^1)(t-T,)iij^il2dT  (22) 
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Inserting  (22)  Into  (19)  we  then  get: 


A  ■  J  ^  9kl( t-Tl)  — dt  (23) 

*CLl9ltL*(t-n.  «-  dy  ... 


where  the  functions  g*].  (*),  gjcLHN  (T1»T2)  etc*  are  determined  to 
model  the  behavior  of  the  material  and  must  not  contradict  the  fading 
memory  hypothesis.  For  Isotropic  material,  synmetry  requirements  must 
be  achieved  and  the  stored  energy  functional  Is  written  as 


A 


-fJg(t-T)lMlId 
+L  L  Mt-Tpt-Tj) 


t  +  (  t  f t  Y(t-n,t-T2)  ±j  i!lL  dt!dx2  (24) 

/  -«  3tj  dt2 

3EKL(t1 )  3EKl(t  i  J.  ^  , 

— - TT2 - dTl*2+  ••• 


V.  DETERMINATION  OF  MECHANICAL  PROPERTIES  FOR  NONLINEAR  MATERIAL 


The  Green-Rlvlln  theory,  which  Is  very  similar  to  the  one  prescribed 
In  the  previous  section.  Is  the  most  popular  theory  so  far  to  be  used 
In  determining  the  mechanical  properties  of  nonlinear  material  with 
memory.  This  theory  makes  use  of  expressing  the  stress  by  a  poly¬ 
nomial  expansion  In  linear  functionals  of  strain  history.  Most  of  the 
mechanical  properties  which  have  been  determined  are  of  the  one- 
dimensional  specialization  of  the  theory. 

In  1965  Lockett23  suggested  a  rather  Involved  series  of  experiments 
of  the  creep  or  stress  relaxation  type  which  can  characterize  the 
mechanical  properties  of  simple  materials.  These  tests  Involved  a 
number  of  steps  performed  sequentially  with  complex  combinations  of 
variable  Input  anplltudes  and  time  of  Initiation.  Nels  and  Sackman24 
proposed  an  optimization  procedure  to  which  a  good  agreement  can  be 
shown  In  predicting  the  response  to  constant  stress  rate  Inputs. 

The  most  recent  approach  was  proposed  by  Gottenberg  et  al25  which 
renders  the  procedure  of  determining  material  properties  for  nonlinear 
material  similar  to  that  propsed  by  the  linear  theory  of  visco¬ 
elasticity. 
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The  popular  one-dimensional  constitutive  equation  obtained  from  the 
Green-Rlvlln  theory,  and  which  can  also  be  obtained  from  the  previous 
section,  has  the  form 


G3(t-Ti,t-T2,t-T3) 


(25) 


dE(ti)  dE(f 9)  dE(T,)  J  J  J  , 

-itf^-a?ri--^fLdTidT2dT3+  ••• 


The  absence  of  even-ordered  terms  In  the  above  equation  Is  due  to  the 
absence  of  odd-ordered  terms  In  writing  the  stored  energy  form  to 
satisfy  Its  non-negative  condition.  To  obtain  the  creep  Integral,  the 
same  expansion  procedure  that  leads  to  (25)  can  be  used  with  the 
stress  and  strain  Interchanged. 


E(t)  -ft  Jtft-T) Mil  dt  J3(t-Ti, 


x  dTjdTjdtj  + 


dc^T])  datt?)  da(t3) 
*,  dx2  dx3 
(26) 


with  Ji(  )  being  the  creep-type  properties  which  characterize  the 
material.  The  reasons  creep  tests  are  favored  over  stress  relaxation 
ones  Is  due  to  many  experimental  difficulties  encountered  In  a  relaxa¬ 
tion  test.  A  typical  example  Is  the  stress  relaxation  function  of  a 
Newtonian  fluid  which  Is  Indeed  a  Dirac  function  which  could  not  te 
measured.  In  fact.  If  the  material  has  special  dependencies  on  the 
current  time  derivatives  of  the  strain,  then  the  stress  relaxation 
experiments  are  not  suitable  for  determining  the  mechanical  behavior 
of  those  materials. 


If  single-step  creep  tests  are  to  be  used,  then  equation  (26)  reduces 
to 


E(t)  -  Ji(t)o0  +  J3(t,t,t,)0o3  (27) 

where 

a(t)  ■  0  for  t  <  0 

o(t)  ■  00  for  t  >  0 

A  minimum  of  two  different  levels  of  stress  are  needed  In  single-step 
creep  tests  to  determine  the  functions  Ji(t)  and  J3(t,t,t). 
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Because  two  terms  are  kept  In  the  constitutive  relation,  test  data  can 
be  fit  exactly  only  at  two  separate  levels  of  stress,  thus  limiting 
the  degree  of  nonlinearity  which  can  be  treated  If  only  two  terms  of 
the  expansion  are  considered.  Theoretically,  many  levels  of  stress 
can  be  considered  by  Increasing  the  number  of  terms  In  the  expansion. 
But  the  process  becomes  very  cumbersome  and  complex,  thus  unpractical 
If  not  Impossible  to  use. 

VI.  THE  STEP-BY-STEP  INTEGRATION  APPROACH 

A  step-by-step  Integration  approach  Is  next  attempted  to  analyze  this 
problem.  Using  this  procedure,  the  response  Is  determined  for  a 
series  of  short  time  Increments.  By  establshlng  dynamic  equilibrium 
at  the  beginning  and  end  of  each  Interval,  and  by  assunlng  a  response 
mechanism,  the  motion  Is  then  determined  during  that  Interval.  To 
account  for  the  nonlinear  nature  of  the  seat  cushion,  new  properties 
are  computed  based  on  the  current  deformed  state  at  the  beginning  of 
each  time  Increment.  Thus,  the  displacement  and  velocities  computed 
at  the  end  of  one  Interval  are  used  as  the  Initial  conditions  for  the 
next  computational  Interval.  This  procedure  Is  then  continued  step- 
by-step  approximating  the  nonlinear  behavior  by  a  sequence  of  suc¬ 
cessively  changing  linear  systems. 

Due  to  equilibrium  the  forces  acting  on  the  the  seat  cushion  mass  at 
any  Instant  of  time  t  require  that: 

Fi(t)  ♦  FD(t)  ♦  FS(t)  -P(t)  (28) 

where  Fj,  Fq,  Fs,  and  P  are  the  Inertia,  damping,  stiffness  and  the 
external  forces  respectively.  A  short  time  later  the  equation  would 
be: 


Fj( t  ♦  at)  ♦  Fo(t  ♦  at)  ♦  F$(t  *  at)  •  P(t  ♦  At)  (29) 
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Subtracting  (29)  from  (28)  and  rewriting  It  In  Incremental  form  we 
get: 


4  Fl<t)  ♦  4F0(t)  ♦  AFS(t)  ■  4P(t) 

(30) 

where  AFj(t)  •  Fj(t  ♦  at)  -  Fj(t) 

4Fp( t)  •  Fo(t  ♦  At)  -  F0( t) 

(31) 

4FS(t)  -  FS(t  ♦  At)  -  F$(t) 

AP(t)  •  P(t  ♦  At)  -  P(t) 

Expressing  the  Incremental  forces  In  this  form 
AFj(t)  •  «AU(t) 

AF0(t)  -  C(t)A  U(t)  (32) 

*FS(t)  -  k(t)AU(t) 

where  m,  C(t)  and  k(t)  represent  the  mass,  damping  and  stiffness  pro* 
parties  during  that  time  Inverts! .  The  damping  properties  can  be 
obtained  from  the  slope  of  the  damping  force  versus  velocity  curve 
while  the  stiffness  from  the  stiffness  force  versus  the  displacement 
graph.  Thus 

«'>*($]«  “l)*[f]t  (33) 

Any  kind  or  form  of  nonlinearity  can  be  Included  In  this  type  of 
analysis.  Thus,  nonlinear  hysteretlc  material  In  which  the  force 
depends  on  the  past  history  of  deformation  as  well  as  the  current 
values  can  be  analyzed  by  this  approach. 

m&U(t)  ♦  C(t)ou(t)  ♦  k(t)aU(t)  -aP(t)  (34) 

To  numerically  Integrate  equation  (34)  we  shall  assume  that  the 
acceleration  varies  linearly  during  each  time  Increment  while  the 
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properties  of  the  system  remain  constant  during  the  Interval.  Thus, 
we  can  write 

U(t)  «  a*U(  t)  (35) 

At 

M 

where  t  is  the  time  variable  between  time  t  and  t  ♦  At  and  au  i$  the 
change  In  acceleration  during  that  same  time  Intervcl.  Integrating, 
we  then  can  write  the  velocity  and  displacement  as  follows: 

U(t)  •  U(t)  ♦  U(t)t  +  i.2  (36) 

At  2 

U(t)  •  U(t)  ♦  U( t)r  +  Uft)*2  +  M  (37) 

At  6 

Using  the  above  equations,  the  Incremental  velocity  and  acceleration 
can  then  be  expressed  as  function  of  the  Incremental  displacement 
substituting  these  Incremental  velocity  and  acceleration  Into  (34) 
yields  the  following  equation 

K(t)  A  U(t)  «  APr(t)  (38) 

where 

K(t)  •  k(t)  +  J5-m  ♦  -LC(t)  (39) 

At2  At 

Apj(t)  -  A  P( t)  ♦  m  [-|p- U(t)+3U(t)]+c(t)Du(t)+yU(t3  (40) 

Due  to  many  approximations,  error  will  arise  In  the  Incremental- 
equilibrium  relationship  which  might  tend  to  accumulate  from  step  to 
step.  To  avoid  this,  the  accelerations  can  be  computed  by  Imposing 
the  total  equilibrium  condition  at  the  beginning  of  each  step  of  the 
analysis. 
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For  any  given  time  Increment,  the  analysis  wll!  consist  of  the 
following  operations: 

1.  Initial  velocity  and  displacement  values  are  known  (either  from 
values  at  the  end  of  the  preceding  Increment  or  as  Initial  conditions 
of  the  problem). 

2.  The  nonlinear  properties  C(t)  and  k(t)  as  well  as  FqU)  and  F$(t) 
forces  are  computed  based  on  the  current  values  of  U  and  U. 

3.  The  Initial  acceleration  Is  then  computed  as 
U(t)  «  .1  |p(t)  -  F0(t)  -  FS(t)J 

4.  APr(t)  and  K(t)  are  computed  from  (40)  and  (39). 

5.  The  displacement  Increment  Is  computed  from  (38). 

6.  The  velocity  Increment  Is  computed  from 

AU(t)  -2  4U(t)  +  3U(  t)  -  AtU(t) 

At  2 

7.  Finally,  the  velocity  and  displacement  at  the  end  of  the  Increment 
are  obtained  from 

U(t  +  at)  •  U(t)  ♦  aU( t) 

U(t  +  At)  ■  U(t)  ♦  A U( t) 

when  the  last  step  has  been  completed,  the  entire  process  may  be 
repeated  for  the  next  time  Interval  until  the  analysis  is  finished. 


The  damping  force  versus  velocity  curve  can  be  obtained  by  the 
Initial  slope  of  the  creep  test  for  different  stress  levels  or.  If 


Instrumentation  Is  available  from  vibrational  tests,  by  adjusting  the 
Input  frequency  until  the  response  Is  90  degrees  out  of  phase  with  the 
applied  loading.  Then  the  applied  load  Is  exactly  balanced  by  the 
damping  force,  which  can  then  be  plotted  versus  the  velocity  for  one 
loading  cycle.  The  stiffness  force  versus  the  displacement  graph  can 
also  be  plotted  from  the  steady- state  solution  of  the  creep  tests  or 
from  vibration  by  simply  vibrating  the  system  very  slowly  at  essen¬ 
tially  static  conditions. 

VII.  RECOMMENDATIONS 

Now  that  we  can  model  and  analyze  nonlinear  seat  cushions  theoret¬ 
ically,  the  next  logical  step  Is  to  verify  It  experimentally.  A  test 
plan  should  be  proposed  and  Implemented  to  accomplish  this  objective. 
This  test  plan  should  verify  the  feasibility  of  the  experimental  means 
of  determining  the  mechanical  properties  which  enter  Into  the  consti¬ 
tutive  relations.  This  test  plan  should  be  designed  to  verify  the 
degree  of  confidence  and  the  accuracy  of  predicting  responses  using 
these  constitutive  equations.  Once  the  theoretical  constitutive 
relations  are  verified,  the  seated  man  »odel  should  be  Interphased 
with  the  cushion  mode.  With  this  combined  model  the  conditions  of 
actual  experiments  can  be  reproduced,  and  the  theoretical  and  experi¬ 
mental  results  can  be  compared  for  these  low  amplitude  Impact  forces. 
Once  we  are  able  to  match  the  existing  data,  the  combined  model  can  be 
subjected  to  much  larger  Impulsive  forces  and  the  response  can  be  pre¬ 
dicted  theoretically.  Thus,  we  can  then  Investigate  the  Influence  of 
the  seat  cushion  on  the  spinal  Injuries  of  the  seat  occupant  without 
actual'y  subjecting  him  to  these  large  Impulsive  forces.  This  com¬ 
bined  model  can  also  be  used  as  a  design  tool  to  determine  the  optimum 
thickness,  for  example,  for  a  given  seat  cushion. 
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ABSTRACT 


Fibrinogen  and  plasma  lipids  have  been  implicated  as  being  etiolog- 
ically  significant  in  decompression  sickness  (DCS)  during  blood-bubble 
formation  at  the  air-surface  interface.  When  fibrinogen  is  deposited  on 
the  bubble's  surface,  it  becomes  possible  for  the  adhesion  and  aggregation 
of  intravascular  lipids  and  other  blood  components  (i.e.,  platelets)  at 
its  surface.  Determination  of  the  concentration  of  these  serological 
constituents  in  plasma  and  serum  from  experimental  subjects  before  and 
after  hypobaric  flights  in  the  altitude  chamber  will  perhaps  make  it 
possible  to  assess  their  role  in  DCS.  This  study  reveals  that,  through 
quantitative  determination  of  plasma  concentrations  of  cholesterol,  high- 
den3ity  lipoprotein-associated  choletterol ,  triglycerides  and  fibrinogen, 
it  may  eventually  become  possible  to  determine  subjects  who  are  less  prone 
to  experience  DCS  during  simulated  compression/decompression  exercises, 
and  to  better  understand  some  of  the  hazardous  effects  of  experimental 
aviation  studies  on  flight  personnel. 
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I.  IOTPODL’CTION 

Decompression  sickness  (DCS)  has  variously  been  referred  to 
throughout  its  history  as  the  bends,  caisson's  disease  (in  tunnel 
workers),  compressed  air  illness,  and  dysbarism.  In  reality,  it  is 
a  syndrome  which  results  when  people  are  subjected  to  an  overly  abrupt 
and  extensive  reduction  in  environmental  barometric  pressure.  As  the 
various  names  imply,  it  has  been  encountered  not  only  by  deep-sea 
divers,  but  also  by  high-altitude  aviators  and  men  employed  in  under¬ 
ground  engineering  projects  in  which  compressed  air  is  used  to  hold 
back  ground  water.  It  also  constitutes  a  potential  hazard  for  astro¬ 
nauts  and  even  for  commercial  air  passengers  should  am  accidental  rapid 
loss  of  cabin  pressure  occur.  The  condition  appears  to  be  the  result 
of  the  formation  of  bubbles  of  inert  gas  (chiefly  nitrogen,  when  air  is 
the  breathing  gas)  in  fluids  and  tissues  of  the  body.  Inert  gases  like 
nitrogen  are  dissolved  in  body  tissues  and  fluids  and,  with  sufficient 
time,  reach  a  state  of  concentration  equilibrium  with  the  environment. 

If  the  reduction  in  barometric  pressure  exceeds  the  rate  at  which  dis¬ 
solved  nitrogen  can  diffuse  across  the  various  membrane  barriers  of  the 
body  and  be  eliminated  in  the  expired  air,  a  state  of  supersaturation 
occurs  and  bubbles  may  form  (1).  The  advent  of  the  Doppler  ultrasonic 
probe  appears  to  have  yielded  convincing  evidence  that  intravascular 
bubbles  are  associated  with  decompression  and  DCS,  even  in  the  absence 
of  overt  signs  of  the  bends  (2) , 

In  DCS,  the  symptoms  and  signs  are  varied,  ranging  in  severity 
from  skin  rash  and  joint  pain  to  central  nervous  system  disturbances, 
respiratory  difficulties,  paralysis,  and  acute  circulatory  shock, 
depending  upon  the  extent  and  location  of  the  offending  bubbles.  Treat¬ 
ment  classically  has  revolved  around  the  principle  of  recompression  of 
the  victim  with  a  view  of  driving  the  bubbles  back  into  solution,  with 
moderate,  controlled  decompression  to  allow  the  harmless  diffusion  and 
elimination  of  inert  gas. 
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Warren  et  al.  (3)  developed  a  method  for  in  situ  fixation  of 
tissues  which  permitted  the  examination  of  blood  and  bubbles  by  electron 
microscopy.  Using  explosively  decompressed  rats  with  massive  intravas¬ 
cular  bubble  formation,  it  was  shown  that  bubbles  acquired  a  coating 

A 

approximately  200  A  in  thickness,  which  appeared  to  consist  primarily 
of  fibrinogen.  Lipid  micelles  also  became  entrapped  at  the  air-blood 
interface,  and  platelets  appeared  to  be  selectively  attracted  to  the 
interface,  with  platelet  adhesion  progressing  to  platelet  aggregation. 
Jacobs  and  Stewart  (4)  may  have  been  the  first  to  observe  the  effects 
of  bubble  foi-mation  and  platelet  aggregation.  Upon  severing  the  tips 
of  the  tails  of  decompressed  rats,  they  saw  bloody  froths  issuing  from 
the  vessels,  and  upon  microscopic  examination,  found  that  the  bubbles 
were  surrounded  ry  platelet  aggregates.  They  speculated  that  such 
aggregates  might  occlude  fine  blood  vessels,  resulting  in  microemboli. 

Based  upon  these  observations ,  it  would  appear  that  compression- 
decompression  m  ,  be  associated  with  the  development  of  a  hypercoaguable 
state  at  the  air-liquid  interface  during  bubble  formation.  Evidence 
suggest1 that  this  phenomenon  may  be  detected  in  the  absence  of  overt 
signs  of  DCS.  Using  various  models  of  decompression  sickness,  several 
investigators  have  detected  evidence  of  increased  clotting  activity, 
including  clotting  factors  (5).  Philip  et  al.  (6)  used  a  rat  decom¬ 
pression  model  that  produced  a  wide  spectrum  of  severity  of  signs  of 
DCS  and  found  a  strong  association  between  the  severity  of  DCS  and  the 
degree  of  disturbance  in  the  clotting  times  in  dogs  and  rabbits  before 
and  during  decompression  from  6-11  ATA.  Accelerated  clotting  was  found 
in  12  animals,  but  in  four  animals  that  showed  signs  of  DCS,  the 
clotting  time  was  prolonged.  Many  early  experiments  suggested  that 
the  hypobaric  environment  itself  might  set  the  stage  for  hyperactivity 
of  the  clotting  system  which  is  triggered  by  a  too-rapid  decompression. 

Even  experiments  with  air-injected  rabbits  have  indicated  the  presence 
of  an  air-blood  interface  alone  will  activate  the  hemostatic  mechanism  (1) . 
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These  observations  of  altered  clotting  activity  after  DCS  suggest  a  very 
significant  role  of  fibrinogen  at  the  bubble-air  interface. 

After  the  observation  in  1907  by  Vernon  (7)  that  gaseous  nitrogen  was 
5.3  times  more  soluble  in  fats  than  in  water,  considerable  attention  has 
been  given  to  the  possible  influence  of  body  lipids  in  the  etiology  of 
DCS.  It  was  not  until  1945  that  Berg  et  al.  (8)  recognised  the  possible 
significance  of  plasma  lipids  in  DCS.  During  in  vitro  experiments,  they 
showed  that  hydrophobic  surfaces  such  as  lanolin  and  paraffin  retained 
minute  air  films  which  acted  as  nuclei  for  bubble  growth.  It  was  con¬ 
cluded  tnat  similar  phenomenon  might  also  occur  in  vivo.  Interest  in 
plasma  lipids  became  even  more  profound  when  it  was  found  that  fat  embolism 
was  a  not-uncon*aon  post-mortem  finding  in  human  fatalities  from  DCS 
following  decompression  at  high  altitudes.  Haymaker  et  al.  (9)  reported 
two  fatalities  after  high-altitude  flying.  The  victims  had  histopatho- 
logical  evidence  of  fat  embolism  and  both  had  patent  foramen  ovales.  The 
researchers  noted  intense  generalized  lipeaia  and  pointed  out  that  the 
patent  foramen  ovale  permitted  the  entry  of  gas  bubbles,  which  otherwise 
would  be  filtered  out  by  the  lungs,  into  the  left  side  of  the  heart,  and 
hence  reached  the  brain  and  other  vital  organs.  The  same  also  would  be 
true  of  lipid  emboli.  Subsequently,  laboratory  experiments  confirmed  the 
presence  of  fat  emboli  in  various  organs  and  tissues  in  animals  with 
severe  DCS  (10). 

It  has  also  been  postulated  by  seme  investigators  that  intravascular 
bubbles  triggered  the  aggregation  of  platelets  and  that  coalesced  plasma 
lipids  become  incorporated  into  such  aggregates.  Pauley  and  Crockett  (11) 
reported  that  the  coalescence  of  plasma  lipids  was  the  most  likely  source 
of  fat  emboli,  and  that  there  was  electron  microscopic  evidence  that  lipid 
particles  became  incorporated  at  the  gas-liquid  interface  of  intravascular 
bubbles  produced  in  rats  by  rapid  decompression.  Therefore,  it  appears 
that  the  trapping  of  such  thrombi  composed  of  bubbles,  platelets,  and 
lipids  would  explain  the  disappearance  of  plasma  lipids  from  the  circu- 
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luting  blood,  as  had  been  observed  in  rats  severely  affected  by  DCS. 
Elevated  plasma  lipids  have  been  shown  experimentally  “o  accelerate  blood 
clotting,  favor  experimental  thrombogenesis,  increase  tne  platelet  adhe¬ 
siveness,  reduce  the  circulating  platelet  count  and  aggregate  platelets 
in  vitro.  In  light  of  these  observations,  it  is  reasonable  to  conclude 
that  elevated  lipid  levels  could  increase  the  incidence  and  severity  of 
experimental  DCS,  and  that  it  would  seem  reasonable  to  assume  that  plasma 
lipids  play  a  significant  role  in  the  etiology  of  clinical  DCS.  Based 
upon  these  observations,  this  investigation  was  undertaken  to  further 
elucidate  the  role  of  fibrinogen  and  plasma  lipids  in  bubble  formation 
at  tiie  air-liquid  interface  during  DCS. 

II.  OBJECTIVES 

The  primary  objective  of  thi3  research  project  was  to  determine  the 
concentration  of  fibrinogen  and  plasma  lipids  in  the  serum  and/or  plasma 
of  Air  Force  hypo baric  subjects  before  and  after  exposure  to  s.^ilated 
altitude  changes  in  the  hypobaric  chambers  of  the  Crew  Technology  Divi¬ 
sion  at  the  School  of  Aerospace  Medicine,  Brooks  AFB.  These  analytical 
determinations  would  thereby  allow  the  evaluation  and  elucidation  of 
their  role  in  bubble  formation  during  DCS. 

The  approach  of  this  investigation  was  to  correlate  fibrinogen  and 
plasma  lipids  to  DCS  in  the  following  ways: 

(1)  Assess  and  determine  the  serological  concentration  of  fibrinogen  and 
circulating  plasma  lipids  following  varying  simulated  altitude  expo¬ 
sures. 

(2)  Correlate  the  concentrations  of  fibrinogen  and  lipids  vs  the  tendency 
toward  bubble  formation  and  the  degree  of  DCS. 

Determine  the  relationship  of  fibrinogen  and  plasma  lipids  to  plate¬ 
let  adhesion  and  aggregation  at  the  air-liquid  interface  of  the  gas 
bubble  during  DCS. 
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It  perhaps  should  be  noted  at  this  point  that  the  goals  and  objec¬ 
tives  of  this  research  effort  could  not  be  assessed  to  the  degree  desired 
by  the  investigator  due  to  circumstances  beyond  his  control.  He  was 
unfortunately  informed  on  June  29,  1984  (midway  in  the  research  period) , 
that  the  facility  from  which  donor  subjects'  blood  samples  were  being 
obtained  to  carry  out  this  investigation  was  being  closed  for  technical 
reasons  until  July  31,  1984.  Nonetheless,  and  in  spite  of  the  fact  that 
the  number  of  plasma  and  serum  samples  obtained  was  minimal ,  the  researcher 
did  analyze  and  assess  those  samples  that  he  was  able  to  obtain.  Due  to 
the  difficulties  encountered  and  noted  above,  this  research  effort  should 
be  extended  and  a  more  detailed  study  pursued  with  a  much  larger  popula¬ 
tion  of  hypobaric  flight  subjects. 

III.  METHODS  AND  RESULTS  ' 

A.  Collection  of  blood  samples 

Blood  samples  were  obtained  from  normal  healthy  USAF  hypobaric  sub¬ 
jects  by  venipuncture  into  7  ml  vacutainar  tubes  containing  no  coagulant. 
The  samples  were  allowed  to  clot  at  room  temperature  for  one  hr,  centri¬ 
fuged  at  2000  rpra  for  10  min,  the  serum  decanted  into  clear  5  ml  sterile 
polystyrene  tubes  and  stored  at  -20*  C  until  used  for  assay  of  plasma 
lipids:  cholesterol  (Choi),  high-density  lipoproteins-associated  choles¬ 
terol  (HDL-Chol)  and  triglycerides  (Trig)  concentrations.  The  collection 
of  plasma  samples  for  fibrinogen  concentration  determinations  were 
obtained,  centrifuged,  decanted  and  stored  under  the  same  conditions, 
except  that  they  were  drawn  into  5  ml  vacutainer  tubes  containing  the  anti¬ 
coagulant  sodium  citrate.  One  pre-flight  sample  of  blood  was  drawn  from 
all  hypobaric  subjects  in  each  category  described  above.  An  additional 
sodium  citrate  sample  of  blood  was  drawn  from  subjects  who  experienced  DCS. 

B.  Bends  screening  index  protocol 

The  bends  screening  index  protocol  profile  used  by  the  Hypobaric 
Branch  for  volunteer  subjects  was  as  follows: 
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1.  One  hour  of  pre-breathing  100%  pure  0^. 

2.  Subjects  were  to  be  exposed  to  at  least  six  randomly 
selected  flights  in  the  altitude  chambers. 

a.  One  at  25,000  ft  or  5.45  psi  (281.8  mmHg) . 

b.  Three  at  27,500  ft  or  4.88  psi  (252.4  asaHg)  . 

c.  Two  at  30,000  ft  or  4.36  psi  (225.6  nmHg)  . 

3.  The  duration  of  each  flight  was  for  8  hr  unless  grade  II 
DCS  symptoms  occurred,  at  which  time  the  subject  was  immediately  removed 
from  the  chamber. 

4.  Intervals  for  successive  flights  were  to  be  never  less  than 
two  days  apart  for  subjects  who  completed  the  experimental  hypobaric 
procedures . 

C.  Assay  for  fibrinogen  concentration  dete.minations 
The  quantitative  determination  of  fibrinogen  in  all  plasma  samples 
was  conducted  using  a  Fibrometer.  The  fibrinogen  test  procedures  were 
conducted  according  to  those  specified  by  the  Sigma  Chemical  Company, 

St  Louis,  Missouri,  from  which  the  fibrinogen  test  kits  (No.  880)  were 
obtained.  All  plasma  samples  were  assayed  in  duplicate  with  an  average 
of  the  two  clotting  times  subsequently  determined  and  recorded  (Table  1) . 


Based  on  the  following  general  principle: 


Fibrinogen 


Thrombin 


♦  Fibrin 


(1) 


When  plasma  is  diluted  with  barbital  buffer  (with  albumin)  and  then 
allowed  to  clot  witi.  excess  thrombin,  the  fibrinogen  concentration 
becomes  rate  limiting  and  inversely  proportional  to  the  clotting  time, 
yielding  a  linear  relationship  when  plotted  on  log-log  two  cycle  graph 
paper  (Figure  .1) .  The  calibration  curve  prepared  by  use  of  a  fibrinogen 
reference  supplied  in  the  kit  is  used  to  determine  the  fibrinogen  concen¬ 
trations  in  the  subjects'  plasma  samples  (12),  which  is  shown  in  Table  1. 
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CLOTTING  TIME  (seconds) 


Subject 


70  80  S0 100  150  200  300  400  500  800  700 

mg/dl  FIBRINOGEN 

Figure  1.  Fibrinogen  calibration  curve. 


FIBRINOGEN  CONCENTRATIONS  (mg/dl) 


Average 
Clot.  Time 


Dilution 

Factor 

.  ‘ 

Fibrinogen 

Concentration 

Clotting 
Time  (sec.) 

1:10 

88# 

17.7/18.2 

1:10 

240 

7. 2/6. 9 

1:10 

145 

12.1/11.7 

1:10 

127 

13.3/13.3 

Table  1.  Fibrinogen  concentrations  for  hypobaric  subjects 

Notes  Normal  range,  Adults:  180-310  mg/dl 

‘Sodium  citrate  plasma  was  not  available  for  assay. 

•Fibrinogen  concentration  after  subject  was  removed  from  chamber 
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0.  Assay  for  plasma  lipids 

Tha  samples  used  for  the  determination  of  plasma  lipids  (Choi,  KDL- 
chol  and  Trig)  concentrations  were  assayed  using  an  Abbott  VP  Bichromatic 
Analyzer.  A  bichromatic  filter  with  a  wavelength  of  500/600  nm  was  used 
to  quantitate  the  concentrations  of  Choi  and  HD L -Choi  respectively.  A 
340/380  ns  filter  was  used  for  the  Trig  assays.  All  assays  were  conducted 
according  to  the  protocol  specified  by  Abbott  Diagnostic  Division  Labora¬ 
tories  for  use  with  the  Abbott  VP  Bichromatic  Analyzer.  The  quantitative 
concentrations  of  Choi,  HDL-Chol  and  Trig  (expressed  in  mg/dl)  found  in 
the  serum  of  the  six  hypobaric  subjects  are  shown  in  Table  2.  The  cal¬ 
culated  concentrations  of  low-density  lipoprotein  cholesterol  (LDL-Chol) 
and  Choi  to  HDL-Chol  ratio  is  also  shown  in  Table  2. 


CONCENTRATIONS  (mg/dl) 


Subject 

Choi 

HDL-Chol 

LDL-Chol 

Choi :  HDL-Chol 

Tri? 

■* 

X 

158 

32 

126 

4.9 

Ill 

2* 

18S 

54 

135 

3.5 

150 

3 

130 

46 

84 

2.8 

113 

4* 

141 

32 

109 

4.4 

78 

5* 

219 

45 

174 

4.9 

126 

6 

220 

41 

179 

5.4 

89 

Table  2.  Plasma  lipids  concentrations. 

Notes:  1.  Normal  Ranges.  Cholesterol  100-250 

HDL-Cholesterol  25-75 
Triglycerides  0-150 

2.  'Subjects  who  showed  signs  of  bubble  formation. 
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The  chemical  principles  of  the  procedures  used  in  the  analyses  to 
quantitate  the  concentration  of  Choi,  HDL-Chol  and  Trig  show-,  in  Table  2 
are  based  upon  the  following  generalizations : 


(1)  Cholesterol 

Cholesterol  esters  in  serum  are  hydrolyzed  to  free  cholesterol  by 
cholesterol  ester  hydroylase; 


cholesterol  este.  s- 


cholesterol 

esterase 


cholesterol 


The  free  cholesterol  produced  is  oxidized  to  cholest-4-en-3-one 
with  simultaneous  production  of  hydrogen  peroxide; 


cholesterol  +  0  — 


cholesterol 

oxidase 


‘-cholestenone  +  H2°.l 


The  ^2°2  oxidatively  couples  with  4-a»inoantipyrine  and  phenol  in 
the  presence  of  peroxidase  to  yield  a  quinoneimine  dye; 


>  4-ami noantipyrine  + 


erioxidase 


dye  (4) 


The  quinoneimina  dye  has  an  absorption  maximum  of  500  n*.  The  amount 
of  color  measured  by  the  Abbott  Analyzer  is  directly  proportional  to 
the  total  cholesterol  content  of  the  subject’s  sample  (13,14)  given 
in  Table  2. 


(2)  HDL-Cholesterol 

At  neutral  pH,  sulfated  polysaccharides  will  form  insoluble  complexes 
with  serum  low-density  lipoproteins  (LDL)  and  very  low-density  lipo¬ 
proteins  (VLDL)  in  the  presence  of  divalent  cations.  Under  such 
conditions,  insoluble  lipoproteins-polyanion-cation  complexes  are 
formed.  The  insoluble  complexes  form  mors  readily  when  the  protein- 
to-lipid  ratio  i3  low.  Consequently,  VLDL  precipitates  more  readily 


f . t. 
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than  LDL,  and  LDL  more  readily  than  HDL.  The  proper  concentration 
cf  polyanion  snd  cation  allows  the  selective  precipitation  o f  lipo¬ 
protein  fraction*.  Dextran  sulfate  and  Mg**  in  predetermined  con¬ 
centrations  selectively  precipitate  VLDL  and  UJL.  The  cholesterol 
in  the  hDL  fraction  is  then  quantitated  using  the  Abbott  analyzer 
by  determining  the  cholesterol  in  the  supernatant  following  centri¬ 
fugation  (15).  The  results  are  shown  in  Table  2. 


(3)  Trigiyce-4 Aa* 

Triglycer*-  -e  completely  hydrolyzed  to  free  glycerol  and  free 
fatty  acids  by  a  microbial  lipase; 

triglycerides - . glycerol  +•  free  fatty  acids  (5) 

The  liberated  free  glycerol  is  then  reduced  enzymatically  by  the 
following  sequential  reactions: 


glycerol  +  ATP— '^inasa^ — glycerol-1 -phosphate  +  ADP 
A  DP  +  phosphoenolpyruvate--  .....aTP  +  pyruvate 


pyruvate  +  NADH  ♦  H 


lactate 


dehydrogenase 


-lactate  <  NAD 


(6) 


The  disappearance  of  NADH  observed  at  340  ns  is  a  stoichiometric 
measure  of  the  glycerol  present,  which  in  turn  is  related  to  the 
triglyceride  content  of  the  subjects'  samples  (16)  shown  in  Table  2. 


rv.  DISCUSSION 

The  methods  used  in  this  investigation  for  the  determination  of  fibrin¬ 
ogen  and  plasma  lipid  concentration  are  presently  routine  laboratory 
procedures  for  obtaining  data  that  is  of  relevance  in  the  diagnosis  of 


■O' 
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cardiovascular  disorders.  However.  they  may  be  of  equal  value  in  the 
search  for  serological  conditions  that  may  be  of  relevance  ia  determining 
the  susceptibility  of  subjects  to  experience  DCS  due  to  bubble  formation 
under  experimental  hypobaric  conditions. 

rracs  the  data  obtained  and  reported  in  Table  2,  many  parameter*  per¬ 
taining  to  cholesterol  concentration*  can  be  calculated  (i.e. ,  UKtel 
and  VLDL)  once  the  analytical  determinations  of  Choi,  HKL-Choi  and  Trig 
have  been  made.  3ased  on  methods  reported  by  rriedewaid  «t  si.  (I'M, 
iCL-Choi  can  I _  calculated  by  use  of  the  following  formula: 


r 

'LDD 


C 

P 


lasma 


KEL 


Trig/5 


(?) 


Through  correlations  of  the  many  variables  that  can  be  obtained  and 
calculated  from  these  data,  there  appears  to  be  many  serological  charac¬ 
teristics  pertaining  to  plana  lipids  that  can  be  evaluated. 


Even  though  the  subject  population  w»s  mil  in  this  study ,  wsd  scsse 
of  the  values  observed  were  within  the  normal  expected  ranges,  parameters 
such  as  those  reported  above  and  elsewhere  In  this  report  (Tables  1  and  2 ) 
may  be  of  paramount  importance  in  the  prediction  of  subjects  *o  experience 
DCS  from  thc_e  that  are  loss  prone  to  experience  DCS  ajvi  bubble  formation. 
Such  serological  parameters  may  also  be  essential  in  assessing  the  satent 
of  the  adhesion  and  aggregation  of  blood  platelets  and  plasm*  Up  ids  at 
thr  blood-bubble  interface  in  XS.  er,r*o*/>r ,  the  validity  if  these  aero- 
.ogical  differences  would  be  even  sore  meaningful  if  ail  parameters  are 
determined  both  before  aid  after  the  hypofceric  exporure  in  all  sub  jectx . 

In  spite  of  the  small  nuarber  of  subfeo**  evaluated  in  this  investi¬ 
gation,  it  may  be  of  importance  at  this  point  to  report  that  subject* 
toe.  2,  4  and  5  did  develop  »»v«*  bubble*  detectable  by  Doppler.  end 
subject  ’to .  1,  who  had  .to  signs  of  bubble  formation  during  the  espoeufe. 
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had  to  be  raatsved  from  the  hypobaric  chamber  prior  to  tha  completion  of 
the  8- fir  flight  period  due  to  davalopoant  of  DCS  symptoms.  since  tha 
only  "down*  sample  of  plasma  that  was  analysed  for  fibrinogen  concentra¬ 
tion  was  that  obtained  from  subject  No.  2  (88  mg/dl)  upon  being  taken  out 
of  the  chamber  after  a  2 -hr  flight  period ,  it  is  possible  that  low  fibrin¬ 
ogen  concentration  night  have  been  detected  in  the  plasma  of  all  subjects 
wbo  showed  signs  of  bubbling.  The  low  concentration  of  fibrinogen  observed 
in  thin  case  nay  have  been  due  to  the  fact  that  nuch  of  tha  fibrinogen 
from  the  bicod  had  already  been  coated  on  tha  surfaca  of  tha  bubbles 
Toraed.  This  assumption  is  in  agreement  with  other  investigators  who 
reported  the  adhesion  and  aggregation  of  plasma  lipids  at  tha  bubble 
surface  interface  due  to  the  deposition  of  fibrinogen  (1,18) . 

In  regard  to  plasma  lipid  concentrations,  it  iJ  possible  that  some 
relative  characteristics  of  significant  value  might  have  bean  detected  if 
all  parameters  noted  herein  had  been  analysed  and  correlated  before  and 
after  the  hypo baric  flight  procedures.  Philip  (1)  reported  from  studies 
using  the  rst  treadmill  decompression  test  that  susceptibility  to  DC3  was 
increased  following  alimentary  lipemia,  and  that  severity  was  related  to 
|1mm  lipid  levels.  Therefore,  since  the  subject's  diet  prior  to  the 
experimental  flights  was  not  known,  consideration  of  thasa  parameters  might 
also  have  been  of  paramount  importance  in  this  research  inv«  tigatlon. 

rinally,  in  the  light  of  these  observations,  it  would  seem  reasonable 
aa  well  as  advantageous  to  further  elucidate  and  pursue  the  role  of  fibrin¬ 
ogen  and  plasma  lipids  In  tha  etiology  of  DCS  at  the  blood-bubble  surface 
interface.  Preliminary  results  revealed  in  thle  investigation  indicate 
that  further  study  of  bubbls  aurfscs  interaction  with  these  eorological 
components  of  the  blood  warrants  further  consideration  with  a  larger 
jopuiation  of  subjects  and  a  longer  period  of  time  for  pursuing  tha  study. 


V.  RECOMMENDATIONS 

It  is  strongly  recommended  that  extensive  studies  and  observation  in 
reference  to  fibrinogen  and  plasma  lipids  at  the  bubble  surface  interface 
during  DCS  be  investigated.  These  studies  are  feasible  at  the  USAF  School 
of  Aerospace  Medicine  in  cooperation  with  the  Hypobaric  Research  Division 
and  the  Clinical  Pathology  Laboratory  Function.  Since  the  preliminary 
groundwork  has  been  laid  to  pursue  these  studies  that  are  of  value  in 
hypobaric  research,  it  is  suggested  that  another  suiaaer  be  allowed  this 
researcher  to  further  investigate  these  phenomena.  It  is  further  sug¬ 
gested  that,  due  tc  the  type  of  equipment  and  the  facilities  required 
to  pursue  this  investigation,  the  research  effort  be  conducted  at  this 
specific  research  location. 

Finally,  in  spite  of  the  obstacles  which  resulted  in  the  problems 
encountered  and  reported  elsewhere  in  this  report,  another  research 
effort  of  significant  interest  has  surfaced  which  this  researcher  intends 
to  pursue  at  his  home  institution.  The  problem  is  of  relevance  to  the 
United  States  Air  Force  experimental  hypobaric  research  effort  and  car. 
conceivably  be  pursued  within  the  guidelines  and  specifications  of  the 
Air  Force  Office  of  Scientific  Research  Initiation  Program.  It  has  been 
strongly  suggested  and  recommended  that  this  effort  be  pursued. 
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ABSTRACT 

A  study  was  conducted  to  determine  the  required  number  of 
training  sessions  for  subjects  to  achieve  asymptotic  perfor¬ 
mance  on  the  Criterion  Task  Set  (CTS)  information  processing 
performance  battery.  The  CTS  is  composed  of  nine  tasks  which 
measure  independent  information  processing  resources.  One 
task  measures  perceptual  input,  sii  tasks  measure  central  pro¬ 
cessing  and  two  tasks  measure  motor  output. 

Twenty  subjects  were  divided  into  four  groups.  One  group 
trained  on  all  nine  tasks.  The  other  three  groups  trained  on 
different  three-task  subsets.  All  subjects  trained  for  two 
hours  per  day  on  five  consecutive  days. 

Performance  measures  for  the  majority  of  tasks  included 
response  time  and  accuracy.  Subjective  workload  measures  were 
also  obtained.  Preliminary  analysis  of  the  data  indicates 
similar  learning  patterns  for  the  nine-task  and  three-task 
groups  with  all  groups  demonstrating  rapid  improvement  on  most 
tasks.  Recommendat i on*  for  further  data  analysis  and  research 
eitensions  are  also  provided. 
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INTRODUCTION 


Recent  trends  in  workload  research  have  concentrated  on  two 
areas.  The  first  area  has  been  the  development  of  workload 
theory,  that  is,  models  which  can  predict  human  information 
proces.sing/performance  capability.  The  second  area  of  concen¬ 
tration  has  been  the  development  of  specific  measurement  tech¬ 
niques.  Unfortunately,  there  have  been  very  few  attempts  to 
coalesce  these  theory  and  task  developments  into  unified  work¬ 
load  assessments.  The  Air  Force  Criterion  Task  Set 
(Shingledecker  et  al.,  1982,  1933)  was  designed  for  this  pur¬ 
pose. 

1.1  Air  rorce  Criterion  Task  Set  (CTS) 

The  Criterion  Task  Set  (CTS)  is  based  on  a  synthesis  of 
current  human  performance  models  (Mickens,  1981;  Sternberg, 
1969)  which  hypothesise  that  human  performance  is  dependent  on 
a  number  of  information  processing  resources,  stages  and 
specific  functions.  The  three  major  divisions  are  perceptual 
input,  central  processing  and  motor  output. 

The  elements  of  the  combined  model  were  operationally  defined 
in  terms  of  the  character istics  of  tasks  which  would  place 
predominant  demands  on  them.  These  definitions  were  then  used 
to  select  candidate  tasks  for  the  CTS.  Each  of  the  tasks  was 
subjected  to  parametric  study  to  establish  prescribed  testing 
conditions  and  leading  levels.  The  result  was  s  group  of 
standardised  primary  tasks  desig-ed  to  assess  a  range  of  func- 
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tional  determinants  of  human  performance.  Of  primary  impor¬ 
tance  is  the  fact  that  not  only  was  the  battery  developed  with 
concern  for  the  fundamental  characteristics  of  operational  en¬ 
vironments  but  it  also  integrates  existing  information  pro¬ 
cessing  theory. 

The  battery  is  presented  on  a  CRT  display  while  the  subject 
responds  using  a  keypad  and  other  controls  designed  to  allow 
full  response  capability  to  the  various  tasks.  In  most  tasks, 
individual  stimuli  are  presented  sequentially  and  response 
time  and  accuracy  scores  are  collected.  Each  task,  except  In¬ 
terval  Production,  may  be  conducted  at  three  distinguishable 
workload  levels:  low,  medium  and  high,  l.lividual  trials  for 
each  task  are  of  three  minutes  duration. 

Table  1.  CTS  Version  1.9  Tasks  Listed  by 
Information  Processing  System  Division. 


STAGE 

TASK 

CODE 

Input /Percept  jal 

Probability  Monitoring 

PI¬ 

Zentri-  Processing 

Memory  Search 

NS 

Continuous  Recall 

:r 

Spatial  Processing 

s? 

Mathematical  Processing 

MP 

Linguistic  Processing 

LP 

Craamatical  Reasoning 

GR 

Output, «ctor 

Unstable  Tracking 

UT 

Interval  Production 

IP 

Tte  nine  ta**»  witmn  CTi  Version  1.9  are  listed  in  Table  1 
according  to  their  typo t net l «ed  relationship  to  the  informa¬ 
tion  processing  divisions.  a  brief  description  of  each  task 


follows 


Visual  Probability  Monitoring  (PM).  Tha  subject  is  required 
to  monitor  1,  3  or  4  simulated  meters  and  determine  whether  a 
bias  condition  is  present.  This  occurs  when  a  pointer  stays 
on  one  side  of  the  meter  center  line  a  higher  percentage  of 
time  than  on  the  other.  The  percentages  for  the  1-,  3-  and 
4-dial  conditions  are  951,  85%  and  751  respectively. 

Memory  Search  (MS).  An  initial  set  of  1,  4  or  6  letters  is 
presented  to  the  subject  for  memorization.  Following  this, 
the  subject  must  identify  whether  a  randomly  generated  letter 
is  a  member  of  that  set. 

Continuous  Recall  (CR).  The  subject  is  presented  with  pairs 
of  1-,  2-  or  4-digit  numbers,  one  below  the  other,  and  must 
compare  the  top  number  with  a  previous  display  as  well  as 
memorize  the  bottom  nusUoar  for  later  comparison. 

Spatial  Processing  (SP).  The  subject  comperes  an  initial  his¬ 
togram  of  2,  4  or  6  bars  with  a  second  histogram  that  has  been 
rotated  0,  99,  139  or  279  degrees. 

Grammatical  Reasoning  (GR)  .  Sentences  describing  the  posi¬ 
tioning  of  symools  are  presented  with  the  symbols  below.  The 
subject  must  determine  whether  the  sentences  correctly 
describe  the  positioning  of  the  symbols. 

Mathematical  Processing  (MP) .  The  subject  is  required  to  de¬ 
cide  whether  the  result  of  a  mathematical  espresston  involving 


1,  2  or  3  operators  (  +  or  -)  is  greater  than  or  less  than  the 
value  5. 

Linguistic  Processing  (LP).  At  the  low  level,  the  subject  de¬ 
cides  whether  presented  pairs  of  letters  are  physically  ident¬ 
ical.  for  the  medium  level,  the  subject  decides  whether  both 
letters  are  vowels  or  consonants.  At  the  high  level,  the  sub¬ 
ject  is  required  to  identify  antonyms. 

Unstable  Tracking  (tJT)  .  The  subject  attempts  to  maintain  the 
position  of  an  object,  representative  of  an  airplane,  in  the 
middle  of  the  screen  using  a  rotating  control  knob.  The 
dynamics  of  the  task  magnify  the  control  error  to  prevent 
stable  control  of  the  object. 

Interval  Production  (IP).  The  subject  attempts  to  create  reg¬ 
ular  timing  intervals  using  a  tapping  peddle  at  a  rate  between 
1  and  3  taps  per  second. 

wm.e  odd  ’  1 1  ona  1  members  of  the  C?S  are  still  under  develop¬ 
ment,  estensive  research  has  te»n  conducted  on  the  nine  tasks 
included  m  J? ;  version  l.f.  The  purpose  of  *hese  parametric 
studies  has  teen  to  determine  training  requirements  for  each 
**♦«  on  an  individual  oasis,  to  fi*  stimulus  pacing  rates  and 
to  select  three  standard  leading  levels  based  on  stat i it  leal  ly 
reiissie  performance  differences  and  subjective  estimates  of 
-ass  coepletity. 

k  pr;*ar/  •ppiics»»;n  of  the  CTS  is  as  a  test  instrument  to 


evaluate  the  relative  sensitivity,  reliability  and  intrusive- 
ness  of  a  variety  of  available  workload  measures.  Preliminary 
workload  metric  evaluation  studies  (Shingledecker  et  al„, 
1983)  have  been  initiated  to  demonstrate  the  experimental  pro¬ 
cedures  and  to  illustrate  the  potential  variation  in  diagnos- 
ticity  that  exists  among  workload  measures. 

In  addition  to  the  original  design  intention  stated  above,  the 
CTS  forms  an  independent  Performance  Assessment  Battery  which 
may  be  used  to  assess  the  effects  of  various  stressors  on  in¬ 
dividual  components  of  the  human  information  processing  sys¬ 
tem.  This  property  may  lead  to  eventual  adoption  of  the  CTS 
for  the  Tri-Service  Drug  Screening  Program  (1983). 

To  further  the  use  of  the  CTS  in  both  basic  and  applied 
research  programs,  it  is  essential  to  develop  a  comprahena i ve 
performance  data  base,  including  e  multivariate  analysis  to 
investigate  the  i nterrelatedness  of  the  subtests,  i.e.,  the 
internal  structure  of  the  teak  set.  A  preliminary  requirement 
for  the  development  of  this  eomprehenei ve  data  base  is  eo  es¬ 
tablish  a  task  administration  methodology  including  an  optimal 
training  protocol. 

2.1  onjtcrr/ts 

During  the  development  of  the  CTS,  human  subjects  were  trained 
and  tested  on  each  task  separately.  The  dets  reflect  the 
learning  character i st i cs  of  each  tass  on  sa  individual  task 
oasis  oftan  involving  subjects  with  prior  espertence  on  the 
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allocate  and  sequence  task  training  triala  within  a  limited 
training  period,  and 

(5)  relate  teak  performance  to  a  aubjective  workload  aa- 

seasment  measure. 

3.1  RESEARCH  METHODOLOGY 

J.l  General  Approach 

Tour  different  aubject  groupa  were  eatabllahed  to  compare  the 
performance  of  subjects  trained  on  all  nine  taaka  va.  indivi¬ 
dual  three-taak  aubaeta.  In  aaaignlng  taaka  to  groupa,  an  at¬ 
tempt  waa  made  to  balance  the  category  of  Information  process- 
ing,  type  of  viaual  stimuli,  task  difficulty  and  other  charac¬ 
teristics  (Table  2). 

Table  2.  Basis  for  Task  Assignment. 

Type 


CROUP 

TASK 

l/9/O 

CHARACTERISTICS 

VISUAL  STIMULI 

B 

MS 

P 

memory 

alpha 

PM 

I 

visual,  probability 

assessment 

graphic 

OR 

P 

logic,  spatial, 

grammar 

symbol/alpha 

C 

MP 

P 

math,  logic 

numeric 

UT 

I/O 

visual/motor 

graphic 

SP 

P 

spatial,  visual, 

memory 

graphic 

D 

LP 

P 

matching,  grammar. 

visual 

alpha 

IP 

0 

t.ming,  motor 

CR 

p 

memory,  spatial 

numeric 
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Each  task  was  assigned  to  the  overall  set  and  one  subset.  A 
comparison  of  learning  patterns  would  determine  performance 
differences  between  subjects  trained  on  a  large  set  of  tasks 
vs.  a  smaller  subset.  Due  to  training  time  limitations,  five 
trials  of  each  workload  level  of  each  task  were  performed  for 
Group  A  tasks  and  fifteen  trials  were  performed  for  Group  B,  C 
and  D  tasks. 

3.2  Subjects 

Twenty  male  subjects,  age  18  to  25  years,  were  recruited  from 
the  Wright  state  University  Campus.  All  subjects  were  en¬ 
rolled  in  Air  Force  ROTO  and  were  naive  with  respect  to  the 
CTS  battery  and  other  research  efforts  at  AFAMRL/HE.  The  sub¬ 
jects  attended  an  orientation  session  to  become  acquainted 
with  the  CTS  and  the  goals  of  the  study,  and  to  perform  a 
"SWAT  sort"  related  to  the  subjective  workload  measure.  The 
voluntary  informed  consent  of  each  subject  was  obtained  at 
this  time  in  accordance  with  AFR  169-3. 

Subjects  were  randomly  assigned  to  Groups  A,  B,  C  and  D,  five 
subjects  per  group.  Each  subject  trained  on  the  appropriate 
CTS  tasks  for  two  hours  per  day  on  five  consecutive  days. 
Groups  B  and  D  trained  during  the  first  week  of  data  collec¬ 
tion,  Groups  A  and  C  during  the  second  week. 

3.3  Equipment  and  Software 

The  CTS  is  implemented  on  a  Commodore  64  microcomputer  system. 
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Two  such  systems  were  used,  each  consisting  of  the  following 
units:  Commodore  64  microcomputer,  Commodore  1S41  disk  drive. 
Commodore  1526  printer,  monochrome  Panasonic  eiper inenter * s 
monitor,  color  Commodore  1702  subject's  monitor  and  three  sub¬ 
ject  response  devices. 

Modifications  were  made  to  the  CTS  software  to  provide  au¬ 
tomatic  sequencing  through  the  task  levels  and  automatic 
filename  construction  for  data  storage.  A  coding  scheme  was 
devised  which  included  Group,  Subject,  Task,  Level  and  Trial 
identifiers.  CTS  tasks  and  data  were  all  stored  on  floppy 
disk  with  a  separate  diskette  for  each  task  group  and  each 
subject.  On  the  average,  two  5-1/4"  data  diskettes  were  re¬ 
quired  per  subject  with  a  total  of  2500  trials  (data  files) 
for  the  entire  study. 

3.4  Subjective  Workload  Assessment  Technique  (SWAT) 

To  relate  task  performance  to  a  subjective  workload  measure, 
the  SWAT  Scale  was  used.  The  SWAT  Scale  (Reid,  1982;  Reid, 
Eggemeier,  and  Nygren,  1982)  is  a  psychometric  instrument  sub¬ 
jectively  measuring  three  major  dimensions  of  workload:  Time, 
Effort,  and  Stress.  Given  the  demands  of  any  specified  work¬ 
load  period,  subjects  rate  each  dimension  on  a  1  to  3  Likert- 
type  scale. 

The  unique  aspect  of  this  scale  is  that  it  not  only  provides  a 
means  for  obtaining  an  individual  subject's  workload  ratings, 
but  also  a  method  for  establishing  across-subject  comparabili- 


124-12 


ry.  This  js  accomplished  by  having  each  subject  complete  a 
SWAT  Sort,  i.e.,  each  subject  sorts  a  card  deck  of  all  27  com¬ 
binations  of  tne  three  rating  levels  for  all  three  workload 
dimensions.  The  sorting  order  is  then  subjected  to  conjoint 
scaling  yielding  a  standardized  rating  metric  which  can  be 
used  for  comparisons  across  sjojects  (Nygren,  1982). 

Subjects  per  firmed  tr.e  initial  SWAT  card  sort  during  the 
orientation  session.  Following  each  trial,  the  subject  pro¬ 
vided  his  SWAT  ratings  on  a  data  collection  form  for  later  in¬ 
corporation  into  the  performance  data  base. 

3.5  Procedure 

Subjects  were  trained  on  their  assigned  tasks  during  the  same 
two  hour  time  block  on  five  consecutive  days.  Subjects  in 
Group  A  sequenced  through  the  set  of  tasks  in  the  following 
order:  MS,  PM,  GR,  MP,  UT,  SP,  LP,  IP,  CR.  All  tasks  have 
three  levels  except  IP,  thus  yielding  25  trials  per  subject 
during  the  two-hour  period.  Within  each  task,  subjects 
sequenced  through  the  levels  from  low  to  high  in  order. 

All  other  subjects  performed  three  trials  at  each  level  of 
each  task.  The  sequence  for  Group  B  was  MS,  PM,  GR  with  a  to¬ 
tal  of  27  trials  per  day.  Group  C  followed  the  sequence  MP, 
UT,  SP  with  27  trials  per  day  and  Group  D  followed  the 
sequence  LP,  IP,  CR  with  a  total  of  21  trials  due  to  the  sin¬ 
gle  level  of  the  IP  task.  One  trial  at  each  level  of  each 
task  was  completed  before  repeating  the  task  sequence.  As  in 
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Group  A,  subjects  sequenced  through  the  levelr  from  low  to 
high  in  order. 

Two  subjects  were  tested  simultaneously  by  the  experimenter, 
one  subject  from  each  group  on  each  Commodore  system.  All 
data  was  permanently  saved  on  floppy  disk  for  later  data 
reduction  and  analysis. 

3.6  Analysis 

Performance  measures  for  the  majority  of  tasks  included 
response  time  and  accuracy.  These  measures  were  obtained  for 
each  stimulus  presentation  and  could  be  summarized  by  eject¬ 
ing  the  statistics  option  in  the  CTS  software.  Using  these 
statistics,  patterns  of  performance  improvement  over  time 
could  be  obtained  based  on  estimates  of  learning  curve  parame¬ 
ters  for  the  various  subject  groups. 

In  addition,  further  analysis  of  the  correlation  between  the 
various  tasks  and  the  SWAT  ratings  can  give  a  better  indica¬ 
tion  of  task  structure  and  the  relationship  to  a  subjective 
workload  measure.  These  techniques  and  others  are  discussed 
in  more  detail  in  Section  5.1. 

4.0  PRELIMINARY  RESULTS 

Summary  statistics  (i.e.,  reaction  time)  were  obtained  for  all 
trials.  Overall  averages  as  a  function  of  trial  number  were 
plotted  for  each  task  at  each  workload  level.  An  example  us¬ 
ing  the  Memory  Search  (MS)  task  is  given  in  Figure  1. 


Production  (IP)  tasks,  the  pattern  of  improvement  was  at  least 
as  good  as  that  demonstrated  in  Figure  1  with  minimal  varia¬ 
bility  during  the  later  trials.  However,  high  variability  did 
esist  with  probability  Monitoring  (PM)  due  to  the  structure  of 
the  task  whicn  does  not  appear  to  provide  sufficient  stimuli 
per  trial  to  >ield  a  stable  measure,  especially  at  the  medium 
and  high  workload  levels. 

The  SWAT  ratings  showed  consistent  ordered  differences  between 
workload  levels  for  all  tasks.  Examination  of  the  ratings 
also  provides  a  comparison  of  the  relative  difficulty  across 
tasks.  A  ranking  of  tasks  based  on  SWAT  ratings  is  given  in 
Table  3.  Of  the  tasks  with  three  distinct  workload  levels. 
Mathematical  Processing  (MP)  had  the  lowest  rating  ("easiest") 
and  Continuous  Recall  (CR)  the  highest  ("most  difficult"). 

Table  3.  Subjective  Task  Difficulty  Based  on  SWAT. 


Workload 

Rank 

Task 

Low 

) 

Interval  Production 

2 

Mathematical  Processing 

3 

Spatial  Processing 

4 

Memory  Search 

5 

Probability  Monitoring 

6 

Linguistic  Processing 

7 

Grammatical  Reasoning 

8 

Unstable  Tracking 

High 

9 

Continuous  Recall 

5.0  RECOMMENDATIONS 


Several  recommendations  exist  for  future  analysis  of  the  data 
and  extension  of  the  research  activity. 


5.1 


Guidelines  for  Decs  Analysis  and  impleaentat ion 


First,  descriptive  statistics  for  all  tasks  aust  be  compiled 
to  fora  the  basis  of  noras  and  parameter  estiaates.  This  in¬ 
cludes  a  breakdown  by  trial  number,  group  and  individual  sub¬ 
ject.  Following  this,  analyses  of  variance  should  be  conduct¬ 
ed  for  each  task  to  isolate  differences  between  groups,  sub¬ 
jects,  trials  and  workload  levels. 

Second,  learning  curves  need  to  be  constructed  to  examine  in¬ 
dividual  learning  rates  for  tasks,  groups  and  subjects.  In 
addition,  tests  for  stable  task  performance  should  be  per¬ 
formed  to  determine  the  number  of  trials  required  for  asymp¬ 
totic  performance.  This  will  provide  the  answers  to  the  major 
research  questions  of  the  study,  including  a  comparison  of  the 
learning  characteristics  of  subjects  trained  on  the  full  bat¬ 
tery  vs.  a  subset  of  tasks. 

Third,  exploratory  and  confirmatory  factor  analyses  should  be 
performed  to  determine  the  factor  structure  of  the  CTS  battery 
(e.g.,  LISP.EL  IV  Program-Joreskog,  1978,  1980).  This  includes 
computing  the  correlations  between  performance  on  all  tasks 
within  Group  A  with  performance  on  corresponding  tasks  in 
Groups  B,  C  and  D. 

Additional  factor  analyses  and  other  multivariate  procedures 
should  be  performed  to  assess  the  degree  to  which  CTS  perfor¬ 
mance  is  related  to  SWAT  ratings  for  each  task  and  workload 
1 evel . 
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Pinal  implementation  of  the  research  results  involve*  con¬ 
struction  of  the  optimal  training  protocol  model.  This  might 
oe  accomplished  through  the  us*  of  a  mathematical  optimisation 
procedure  (e.g.,  linear  programing)  to  achieve  the  greatest 
degree  of  training  on  all  tasks  within  limited  time  con¬ 
straints. 

5.2  Suggestions  for  Future  Research 

In  terms  of  extending  the  research  activity,  the  current  study 
forms  the  basis  for  developing  a  comprehensive  data  base  for 
the  CTS  workload  performance  test  battery  including  a  mul¬ 
tivariate  investigation  of  the  inter-relationships  of  the  CTS 

tasks. 

Additionally,  data  should  be  collected  on  the  relationship 
between  the  CTS  tasks  and  context  variables  in  the  categories 
of  (1)  Local  environment  (e.g.,  time,  temperature,  noise,  ob¬ 
scurants  to  perception,  protective  clothing);  (2)  Individual 
Status  (e.g.,  fatigue,  sleep  loss,  emotional  stressors, 
disease,  nutrition,  drug  use);  and  (3)  Long-Term  individual 
History  (e.g.,  training,  prior  experience,  gender,  age  and  im¬ 
portant  individual  differences  in  such  variables  as  intelli¬ 
gence  level,  arousal  and  task/cognitive  ability)* 

A  target  application  of  the  results  of  these  follow-on  studies 
is  the  development  of  Performance  Assessment  Batteries  for  the 
second  phase  of  the  Tri-Service  Drug  Screening  Program  (1983). 
Numerous  additional  applications  of  the  CTS  battery  have  been 
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outlined  in  previous  reports  (Shmgledecker  et  el.,  1982, 
1  983  )  . 
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toward  Schlaiar 
ABSTRACT 

TDR/BLH  anctyaaa  of  tha  Large  Ipaca  Ayataai  Cryogenic  Deployment 
Syetea  (LSSCDf )  wart  modified  to  correct  the  iacoaiing  anthalpy  o f 
tha  Mg  fuel.  Tha  geometry  of  eha  comhuatUa  chamber  waa  included  la 
cha  rockat  c out our  aa4  tome  iatarationa  were  made  to  raaaooabla 
convergence.  Radiation  upatream  of  tha  throat  waa  eatinatad.  Tha 
aecalaration  parameter  waa  checked  to  aaa  whathar  any 
relaminariaation  occurred.  Vaioclty  profilaa  wara  chackad  for  tha 
poaalbillty  of  any  BL  aaparatlon. 

It  wti  determined  ou  cha  baaia  of  tha  above  attempt Iona  that 
tha  cooling  load  wca  approximately  4l4Btu/#  aa  compared  with 
Rocketdyne’a  eatimate  of  670*tu/,.  Tha  414Btu/,  ia  399  ♦  13*tu/, 
for  radiation. 


INTRODUCTION 


In  th«  developoi-nt  of  the  LSSCD3  engine,  a  low  thruet  ( 500  lb) 
high  expansion  (  t  *  12J0)  deaign,  th*  queetion  of  the  heat  load  for 
regeneration  was  invait  igatnd .  '  DK/  8LM  was  modified  to  Include  the 
cusbuation  chamber .  Computer  tin*  were  modified  to  account  for 
hotter  H2  entering  cr.-  r  ,»*ible  effect*  o*  radiation  ware  evaluated 
upetream  of  che  throat. 

Acceleration  pararaeter*  and  velocity  profile*  were  sampled  at 
variou*  point*  along  che  axi*  to  check  for  the  po*»ibility  of 
relaainariaation  and  icparation,  and  our  poatulete*  indicated  a 
diacrepancy  between  the  Air  Force  Rocket  Propultion  Laboratory 
(AFR?L)  and  Rocketdyne  prediction*. 
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PROCEDURE 


TDK/BLM  run*  w*r«s  don*  on  Che  LSSCDS  rocket  with  regeneration. 
The  inlet  temperature  of  the  fuel  wee  adjusted  for  the  regeneration 
until  reasonable  convergence  was  achieved  (3  iterations).  Radiation 
(Appendix  A)  was  estiaated  upatreca  of  the  throat.  The  velocity 
profile  was  exaaincd  throughout  the  nozzle  to  see  wnether  any 
indications  or  separation  were  apparent.  Acceleration  paraaeters 
were  calculated  at  varying  positions  to  check  for  any  indications  of 
relaainarizscion  of  the  boundary  layer.  Tne  Reynolds  nwsber  based 
on  aoaentua  thickness  was  calculated  as  an  indicator  of  transition 
rroa  laainar  to  turbulent  and  ehis  transition  was  postulated. 

The  LSSCDS  engine  was  run  at  a  6s  1  OsF  ratio  at  the  rate  of  a 
total  of  1.03  lba/a.  Other  specifications  are  in  Appendix  1. 
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RESULTS 


The  TDK/BLM  program  was  corrected  through  trial  and  error  such 
that  the  inlet  hydrogen  temperature  conformed  with  the  regenerative 
cooling  load.  This  correction  reduced  the  convective  cooling  load 
from  6708tu/3  to  410^tu/s  to  399®Cu/s.  Specific  Impulse  to  Vacuum 
(IVAC),  based  on  equilibrium  conditions,  was  reduced  from  524s  to 
514s,  and  on  frozen  conditions  from  472s  to  467s  (Appendix  B). 
Radiation  losses  upstream  of  the  throat  were  approximated  at 
13Btu/s,  and  were  ignored  downstream  (Appendix  A).  The  final  input 
to  the  TDK/BLM  run  is  indexed  in  Appendix  F. 

Manual  calculation  of  the  acceleration  parameter  is  documented 
in  Appendix  C.  One  easily  sees  that  this  criteria  is  well  below  the 
2E-6  to  3E-6  required  for  relaminarization  past  the  point  where  the 
expansion  ratio  is  2.  Though  there  is  a  possibility  of  the  K 
reaching  a  critical  value  from  the  throat  to  the  point  where  epsilon 
equals  2,  the  area  for  heat  transfer  is  so  small  that  it  does  not 
merit  investigation.  One  can  reasonably  conclude  that  no 
relaminarization  takes  place  that  would  noticeably  affect  heat 
transfer  estimates. 

The  velocity  profiles  as  shown  in  Appendix  E  show  positive 
velocities  except  at  the  wall.  However,  at  the  wall,  where  the 
velocity  is  zero,  the  slopes  of  the  velocity  profiles  are  strongly 
positive,  thus  eliminating  the  possibility  of  separation. 

The  TDK/BLM  run  per  Appendix  D  assumed  a  laminar  BL  upstream  of 
the  throat  and  a  turbulent  BL  downstream. 

It  was  also  noted  that  IVAC  was  reduced  by  5-10s  by  correcting 
for  hydrogen  inlet  conditions. 


CONCLUSIONS 


1.  It  ii  unlikely  from  our  assumptions  that  the  regenerative  load 
of  670®tu/a  can  be  met  with  these  specifications.  Provisions  should 
be  made  for  alternative  means  of  driving  the  compressors  in  the 
event  chat  the  670®tu/s  specification  is  not  met. 


2.  Corrections  in  the  inlet  temperature  of  the  hydrogen  reduced 

I VAC  by  5-10  s. 

3.  Examination  of  the  acceleration  parameter  indicates  that  no 

relaminarization  occurs. 

4.  The  conditions  necessary  for  separation  of  the  BL  are  not 

indicated  in  the  velocity  profiles. 


RECOMMENDATIONS 


•  i  ■ 


1.  The  assumption  made  indicated  that  670®*-u/8  is  highly  unlikely 
and  that  alternative  methods  of  supplying  or  supplementing  the 
energy  necessary  to  drive  the  compressors  be  considered. 

2.  Repeat  the  investigation  on  the  newest  version  of  TDK/BLM. 

3.  Update  TDK/BLM  to  include  radiation  effects. 

4.  Update  TDK/BLM  to  include  matching  the  regenerative  load  with 
the  inlet  conditions. 

5.  Update  TDK/BLM  to  to  include  a  serious  model  of  the  combustion 
chamber. 

6.  Gather  experimental  data  be  gathered  to  reinforce  or  reject 
these  conclusions. 


y.\*j 
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NOMENCLATURE 


Symbol 

Definition 

Units 

A 

area 

ft2 

CP 

average  heat  capacity 

Btu/lbm-R 

K 

acceleration  parameter 

none 

m 

mass  flow 

lbm/  s 

Pe 

edge  pressure 

lbm/ f t2 

q 

heat  transfer  rate 

Btu/S 

R 

radius 

ft 

ft-lbf 

R 

gas  constant 

lbm-R 

Re 

Reynolds  number  based  on 

none 

1VAC 

specific  impulse  to  vacuum 

lbf-s/lbm 

Re  9 

Re,  tolds  number  based  on  6 

S 

distance  along  surface 

ft 

Te,  T 

edge  temperature 

degR,  degK 

TAD 

adiabatic 

deg-K 

U2 

final  edge  velocity 

ft/s 

U1 

initial  edge  velocity 

ft/s 

Ue 

edge  velocity 

ft/s 

X 

axial  distance 

ft 

e 

expansion  ratio 

none 

Ve 

Edge  velocity 

lbm/f t-s 

pe 

edge  density 

lbm/f t^ 

U 

viscosity 

lbm/f t-s 
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APPENDIX  A 

Estimate  of  Radiation  Losses  (Ref.  3) 

(Consider  6:1  0:F  all  O2  Vanishing  On  Combustion.  Basis  1.05  Ibm/s) 


Comp 

Before 

After 

lbm/ s 

mol/ s 

lbm/s 

mol/s 

o2 

0.90 

0.0281 

0.0000 

.00000 

h2 

0.15 

0.0750 

0.1375 

.01975 

h2o 

0.00 

0.0000 

1.0125 

.07500 

Total 

1.05 

0.1031 

1.1500 

.07600 

Rep 

X  h2o 

5625/7500 

-  0.75 

Pw 

75  x  510  psia/14.7  psia/atm  »  26  atm 

H/D 

(cyl)  » 

3. 5"/ 1.898" 

OO 

I 

say  2 

L 

0.76  D  -  .76 

x  1 .898"/ 12" 

ft  -  0.12 

ft 

PwL 

0.120  ft  x  2 

.60  atm 

-  3.12 

atm  ft  say  2  ft-atm 

T 

3575  D  x  1.8 

R/K 

-  6435 

R 
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Extrapolation  o£  e 'w 


e  w 


T  (R) 

3500 

4350 


.2 

.15 


In  ,2  -  In  .15 
3500  -  4350 


In  .2  -  In  e'w 
3500  -  T 


or  e’w  -  exp  -  (.426  -  3.38  E  -  4  T) 
or  £ 1  a  ■  exp  -  (.426  ■  3.38  E  -  4  T) 


for  T 
P 

(P  Pw)/2 
Cw 

cs 

Ta 


PvL 

e'  a 
Cw 
Eg 
a 


Ts 

Tg 


■  6435,  we  get  e'w 

■  510  psia/14.7  psia/atm 
(34.7  ♦  26 .0)/2 

1.5,  e  -  1.5  x  0.074 
■jay  0.8 
1420  R 

3  x  1420/6435 
0.22 
1.50 


0.33 


6435) 

420 


.45 


0.0742 
34.7  atm 
30.0  am 
0.111 


-  0.662 


x  0.33  -  0.651 
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Then  (q/A)  rad 

-  0.8  x  0.1714e-8  (0.111  x  6435*  -  .65  x  1420*) 

-  2.57  e5  Btu/f t2  '  h 

-  0.496  Btu/in2_s 

The  upstream  area  for  heat  transfer  is  then  n  x  1.898"  x  3. 
for  the  cylinder  plusirS  »  (1.898"  +  .792")/2  for  the  frustum  where 

S  -  22  +  (1,8V-  2  -  2.08  in 

or  A  *  20.9  +  8.79  »  29.7  in2 


and  q  rad  ■  14.7  Btu/3 


APPENDIX  B 


Correction  for  Inlet  Temperature  of  H2  into  Combustion  Chamber. 

732K  corresponds  to  670  Btu/s  while  the  computer  calculates  the 
load  to  be  410  Btu/a.  An  estimate  of  463K  produces  399  Btu/s.  If 
the  inlet  temperature  of  the  fuel  is  assumed  to  be  451K,  a  q  very 
close  to  399  Btu/s  results,  and  convergence  is  assumed. 
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m  m  *r, 

v.v. 


Calculation  of  K* 


£ 

R 

Te 

UH1 

PE 

2 

4.67  E-02 

3939 

4.42  E-05 

2.27341 

E3 

10 

1.04  E-01 

3332 

3.85  E-05 

8.05225 

E2 

100 

3.30  E-01 

2238 

2.86  E-05 

9.58130 

El 

250 

5.22  E-01 

1865 

2.45  E-05 

3.97277 

300 

5.72  E-01 

1811 

2.45  E-05 

3.47452 

350 

6.17  E-01 

1726 

2.24  E-05 

2.78905 

400 

6.60  E-01 

1672 

2.24  E-05 

2.41312 

450 

7.00  E-01 

1612 

2.02  E-05 

2.04791 

1230 

1.16  E-00 

1121 

1.58  E-05 

4.38345 

E0 

e 

U2 

U1 

S2 

SI 

R 

P_ 

2 

1.15404 

E4  1.15022  E4 

4.48318 

El 

4.46855  El 

1.19  E2 

4.85 

E3 

10 

1.26801 

1.26288 

5.24529 

5.21014 

1.11 

2.18 

100 

1.42733 

1.41631 

9.00995 

8.68223 

1.10 

3.89 

E4 

250 

1.47253 

1.46700 

1.34343 

E00 

1.27068  E00 

1.10 

1.94 

300 

1.47862 

1.47253 

1.42398 

1.34343 

1.10 

1.74 

350 

1.48816 

1.4829a 

1.61288 

1.51332 

1.10 

1.47 

400 

1.49417 

1.48816 

1.72417 

1.61288 

1.10 

1.31 

450 

1.50072 

1.49417 

1.84913 

1.72417 

1.10 

1.15 

1230 

1.55074 

1.54942 

4.02611 

3.94268 

1.10 

3.55 

E5 
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APPENDIX  C  (Cont.) 


As. 

K 

2 

1.79  E-6 

10 

1.60  E-6 

100 

1.21  E-6 

550 

4.43  E-7 

300 

4.87  E-7 

350 

3.60  E-7 

400 

4.14  E-7 

450 

4.09  E-7 

1230 

2.93  E-7 

Sample  Calculation  For  K  @  e  *  250 


U2 

-  1.47253 

E4 

S2 

-  1.34343 

Pe 

-  3.97277 

(from  Te) 

-  2.45  E-5 

(from  gas 

law)  -  1.94  E-4 

and  K  .  _4_  02  -  «l) 

ou:  7 - ~ 


Ul  -  1.46700  E4 
31  -  1.27068 
Te  -  1865 
R  -  1.10  E2 


-  4.43  E-7 
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Sample  Calculation  for  Re  0 


Re  w*  x 

c 


-  .25294 


1.0612  E-l  ,  . 

-7.8394  E-4  X  (“2,9625  E-2) 
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APPENDIX  III  (Cont.) 


1.79  E-6 


1.60  E-6 


1.21  E-6 


A. 43  E-7 


4.87  E-7 


3.60  E-7 


4.14  E-7 


4.09  E-7 


2.93  E-7 


U2  -  1.47253  E4 


S2  -  1. 34343 


Pe  -  3.97277 


£ 

Sample  Calculation  For  K  #  *  250 

U1  -  1.46700  E4 


(from  T° )  ■  2.45  E-5 
(from  gas  luw)  ■  1.94  E-4 


SI  -  1.27068 


Te  -  1865 


R  -  1.10  E2 


E_7 
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RAMAN  SPECTROSCOPY  STUDIES  OF  EXTRINSIC  P-TYPE  SILICON 


James  Schneider 


Michael  Wager 


ABSTRACT 

Raman  spectroscopic  studies  of  extrinsic  p-type  silicon  samples 
were  undertaken  at  temperatures  of  300  K,  77  K,  and  near  4  K.  These 
samples  were  conventionally  doped  with  group  IIIA  elements.  Using  both 
incident  light  of  a  pulsed,  frequency-doubled,  Nd:YAC  laser  at  532nm  and 
near  IR  laser  pulses  at  1064  nm,  Raman  scattering  was  investigated  under 
several  scattering  geometries.  With  532  nm  light,  the  frequency  shift 
of  the  LO  phonon  peak  near  520  cm  *  in  the  Raman  spectra  of  strained 
thin  films  of  silicon  on  zirconia  substrates  was  investigated  by  back 
scattering  geometry.  The  weak  Raman  spectra  from  the  doped  Impurities 
in  bulk  silicon  samples  was  not  observed  with  the  visible  incident 
radiation  which  is  too  strongly  absorbed  to  penetrate  the  bulk  of  the 
sample.  A  study  of  the  effect  of  a  surface  depletion  layer  on  silicon 
samples  of  various  thicknesses  when  used  in  Hall  measurements  to 
determine  carrier  concentration  was  conducted. 
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I.  INTRODUCTION 

The  research  and  development  of  high  quality  extrinsic  silicon 
material  for  fabrication  of  infrared  detectors  for  use  in  operational 
systems  is  of  continuing  importance  to  the  Air  Force.  The  optical  and 
electrical  characterization  of  these  materials  is  necessary  for  the 
scientific  understanding  of  the  mechanisms  and  properties  that  are  to  be 
employed  in  useful  devices.  Hall  effect  studies  continue  to  be  in  the 
mainstream  of  techniques  that  yield  interesting  and  useful  details 
concerning  the  electrical  transport  properties  of  semiconducting 
materials.  Visible  and  infrared  absorption  and  emission  spectroscopies 
are  among  the  spectral  characterization  techniques  that  yield  a  great 
deal  of  information  about  the  electronic  excitations  in  semiconductors. 
Raman  scattering  spectroscopy  is  a  useful  tool  for  studying  electronic 
transitions  which  may  be  forbidden  by  selection  rules  or  which  occur  in 
experimentally  inconvenient  spectral  regions  for  infrared  spectroscopy. 

In  this  study  we  consider  the  application  of  Raman  scattering 
specroscopic  techniques  to  silicon  samples  conventionally  doped  with  one 
of  the  group  II IA  elements  such  as  boron,  aluminum,  gallium,  indium,  or 
thallium.  Silicon  is  a  much  studied,  technologically  important, 
material.  The  quality  and  purity  of  these  crystals  has  been  driven  by 
their  freque.it  use  as  the  base  materials  for  sophisticated  device 
fabrication.  Among  the  open  questions  in  silicon  that  could  yield  under 
the  continued  improvement  in  state-of-the-art  experimental  techniques 
and  the  availability  of  higher  quality  crystals  is  a  better  under¬ 
standing  of  shallow  p-type  acceptor  impurities  such  as  the  group  IILA 
elements.  Raman  spectroscopy  has  been  used  extensively  to  study  phonon 

spectra  and  phonon  interactions  in  pure  and  doped  silicon,*  ^  but 
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comparatively  few  researchers  have  reported  studies  of  electronic 

transitions  in  this  semiconductor.  In  their  now  classic  paper,  Wright 
8  9 

and  Mooraciian  ’  reported  on  Raaan  scattering  from  phosphorus  donor  and 
from  boron  acceptor  impurities  in  silicon.  They  observed  a  rather  weak, 
sharp  line  at  23.4  meV  which  was  attributed  to  the  boron  acceptors. 
Jain,  Lai  and  Klein**  produced  an  extensive  Raman  scattering  study  of 
phosphorus-doped  silicon  which  included  some  observations  concerning 


antimony  and  arsenic  donor  Impurities  In  silicon.  Their  paper  also 
contained  a  section  concerning  their  observations  on  p-type  acceptors  In 
silicon.  They  reported  a  sharp  line  at  184  cm  *  (22.8  meV)  In  the  Raman 
spectra  of  boron-doped  silicon  which  was  attributed  to  an  electronic 
transition  associated  with  the  boron  acceptor  state.  In  addition,  they 
reported  unsuccessful  attempts  to  observe  similar  transitions  in 
aluminum-doped  and  gallium-doped  silicon  samples,  and  commented  on  not 
understanding  this  absence  In  their  spectra. 

Due  to  the  extreme  similarity  of  Group  IIIA  acceptor  absorption 

spectra,  It  would  seem  reasonable  to  expect  transitions  similar  to  the 

reported  boron  electronic  transition  to  occur  In  aluminum,  gallium. 

Indium,  and  thallium-doped  silicon.  To  the  best  of  our  knowledge, 

attempts  have  only  been  made  In  aluminum  and  gallium-doped  samples  and 

these  previous  negative  results  were  reported  some  years  ago  when 

12 

silicon  sample  quality  was  less  developed.  As  was  pointed  out  by  Klein 
in  a  review  on  elecronlc  scattering  In  semiconductors,  It  Is  generally 
felt  that  additional  theoretical  and  experimental  work  Is  necessary  for 
better  understanding  of  acceptor  states  In  silicon. 

It  Is,  however,  not  an  easy  experiment  to  undertake  due  to  a 

combination  of  facts.  Firstly,  while  the  ratio  of  Raman  to  Raleigh 

“8  —12 

scattering  intensities  Is  generally  In  the  order  of  10  to  10  ,  with 

Incident  high  power  lasers  a  Raman  scattered  intensity  is,  In  general, 
readily  detectable.  However,  Raman  Interactions  In  silicon,  other  than 
with  the  LO  phonon,  are  known  to  be  very  weak.  Signal  levels  are 
therefore  very  low  and  even  small  electronic  noise  such  as  dark  current 
in  the  photomultlpler  detector  Is  a  big  problem.  Secondly,  since 
silicon  Is  not  transparent  to  visible  light,  lasers  operating  at  near 
infrared  wavelengths  must  be  employed  In  order  to  probe  the  volume  of 
the  silicon  samples.  Detector  sensitivity  becomes  a  problem  at  these  IR 
wavelengths  because  the  only  photocathode  that  even  has  any  sensitivity 
In  that  region  is  the  S-l  cathode  and  its  quantum  efficiency  for  the 
production  of  photoelectrona  Is  very  poor. 


II.  OBJECTIVES 


The  research  was  directed  at  the  spectral  properties  of  acceptor 
impurities  In  silicon  crystals  doped  with  various  group  1IIA  elements 
(boron,  aluminum,  gallium,  Indium,  or  thallium  ).  The  general  goal  Is 
to  make  some  contribution  to  the  enhanced  understanding  of  the  role  of 
these  dopants  In  silicon.  Raman  spectroscopy,  which  has  provided  a 
groat  deal  of  Information  about  electronic  transitions  In  other 
semiconductors,  was  the  principal  experimental  technique  that  was  used 
In  an  attempt  to  Improve  and  expand  the  current  understanding  of  the 
role  of  the  acceptor  levels  resulting  from  these  dopants  in  high  quality 
silicon  semiconductor  samples  thst  are  now  available.  Experimental  data 
was  sought  over  the  temperature  range  from  room  temperature  to  cryogenic 
temperatures  obtained  from  use  of  liquid  nitrogen  and  liquid  helium 
cooling  fluids.  Information  obtained  from  the  Raman  scattering  data 
should  compliment  the  ongoing  experimental  work  In  Infrared  absorption 
In  these  materials  at  the  WPAFB  Materials  Laboratory. 

The  first  objective  was  to  get  s  Raman  scattering  system  into 
operation  and  to  repeat  and  verify  previously  reported  results.  Since 
the  LO  phonon  Interaction  la  the  strongest  peak  observed  from  both  pure 
and  doped  silicon,  we  sought  first  to  detect  and  observe  this  well  known 
phonon  spectra.  An  existing  laser-Raman  experimental  set-up  using  a 
SPEX  triple-monochrometer  and  a  visible  532  nm  wavelength  pulsed  laser 
was  available  for  use  In  this  Investigation.  With  a  change  of  output 
mirrors  this  same  laser,  which  provides  a  an  output  beam  at  the  1064  nm 
wavelength  of  the  Nd:YAG  crystal  when  the  frequency-doubling  Lil  crystal 
Is  removed,  could  be  used  lh  the  eventual  desired  infrared  mode.  We 
chose  to  use  this  laser  In  the  more  convenient  visible,  frequency- 
doujled  node  In  the  preliminary  phases  of  the  project.  For  probing  the 
volume  of  the  samples  It  was  known  that  the  laser  would  have  to  be 
changed  to  pulse  In  the  infrared  region  of  the  spectrum  where  the 
absorption  coeflcient  of  silicon  Is  low.  Nevertheless,  It  was  thought 
worthwhile  to  seek  some  preliminary  data  from  boron-doped  silicon  with 
the  experimentally  more  convenient  visible  Incident  laser  light  probing 
near  the  surface.  We  sought  first  to  gain  experience  and  confidence  with 
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this  experimental  system  and  lea  operation.  Since  there  was  quite  a  bit 
of  power  available  froa  this  laser  at  532  na,  we  thought  it  possible,  at 
least,  that  even  weak  signals  froa  electronic  Raaan  levels  in  the  Si:B 
crystals  aight  be  detectable  using  the  visible  incident  light  even 
though  it  would  not  penetrate  very  far  into  the  saaples  due  to  the  very 
high  absorplon  in  silicon  at  this  wavelength. 

First  the  optical  elements  required  to  effectively  get  the 
incident  laser  light  to  the  sample  and  to  direct  the  scattered  light  on 
the  entrance  alit  of  the  triple  spectrometer  were  redesigned  to  be 
appropriate  for  this  experiment  geometry.  Then  an  existing  sample 
holder,  capable  of  temperature  dependent  studies  between  rooa  and  near 
4K,  was  modified  and  adapted  to  this  experimental  arrangement.  The 
signal  detection  electronics  had  to  been  slightly  aodlfled  and  tested 
for  gated,  digital  signal  processing  and  recording.  Sating  the 
detection  electronics  to  process  signals  only  during  tlae  that  the  laser 
la  providing  in  input  pulse  is  an  effective  technique  to  reduce  dark 
count  noise  froa  the  photomultiplier  detector.  The  digital  signals  were 
recorded  on  magnetic  tape  aa  well  as  converted  to  analog  signals  for 
observation  on  chart  paper.  A  alcrocoaputer  was  used  to  take  the 
recorded  digital  data  froa  the  magnetic  tape  and  to  process  this  data 
for  presentation  and  display. 

The  second  stage  of  the  project  was  to  convert  to  operation  with 
the  1064  nm  wavelength  of  the  pulsed  Nd;YAG  laser.  Using  the  same  gated 
electronic  digital  signal  processing  system,  a  full  experimental  study 
of  all  group  1IIA  acceptor  dopants  was  planned  in  available  high  quality 
silicon.  The  study  was  undertaken  in  an  attempt  obtain  new  data  and  to 
advance  an  understanding  of  the  role  of  acceptors  in  silicon. 

Two  aide  objectlvea  were  considered  for  possible  inclusion  in  our 
research  program.  The  first  related  effort  was  to  use  the  strongest  and 
more  easily  observed  Raman  scattering  line  attributed  to  the  LO  phonon 
interaction  in  silicon  to  Investigate  the  condition  of  strain  in  thin 
samples  of  single  crystal  silicon  on  saphlre  (SOS)  and/or  silicon  on 
zlrconia  (SOZ)  Insulating  substrates.  The  Raman  line  froa  the  LO  phonon 
interaction  is  reported  be  a  rather  strong  function  of  the  crystal 
strain  and  thus  it  is  considered  to  be  a  convenient  indicator  of  the 
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condition  of  strain  in  these  thin-filo  crystals.  If  time  and  conditions 
dictated,  a  second  side  objective  was  to  devote  some  effort  to 
experimental  Hall  effect  measurements.  Since  Hall  measurements  are 
j  rather  routinely  undertaken  in  this  branch  of  the  Materials  Laboratory 

at  Wright  Patterson  Air  Force  Base  and  the  equipment  is  functional  and 
operating,  it  was  planned  that  when  and  if  equipment  failures  or  other 
X  delays  in  the  laser  Raman  scattering  experiments  made  the  time 

available,  that  time  would  be  devoted  to  Hall  effect  studies  on  silicon. 
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III.  RAMAN  SCATTERING  SYSTEM;  EXPERIMENTAL  TECHNIQUES 

The  laser  Raman  experimental  set-up  is  based  on  a  pulsed  Nd:YAC 

laser,  a  SPEX  triple  monochrometer ,  photon  counting  detection,  and  a 

gated  digital  signal  processing  system.  Figure  1  shows  a  schematic 

13 

representation  of  this  pulsed  laser  Raman  spectroscopy  system  .  The 
laser  is  capable  of  operating  in  the  burst,  Q-switched  mode  which 
generates  about  10  output  pulses  of  approximately  200  nanosecond 
duration  during  each  150  to  200  microsecond  long  bursts.  Burst  rates  are 
normally  set  at  about  50  per  second  and  the  average  power  delivered  is 
in  the  order  of  hundreds  of  milliwatts  with  peak  power  during  each  of 
the  Q-switched  pulses  in  the  kilowatt  range. 

The  basic  idea  is  to  reduce  unwanted  detection  of  background 
signals  due  to  stray  light  and  photomultiplier  dark  current  by  gating 
the  digital  signal  detection  electronics  ON  uuly  when  th- re  is  temporal 
coincidence  with  an  input  laser  pulse.  A  small  portion  of  the  incident 
laser  light  pulse  is  reflected  onto  a  PIN  dlodo.  The  output  of  this 
diode  unit  serves  both  as  a  timing  pulse  and  as  a  means  to  sample,  mon¬ 
itor, and  record  the  incident  laser  power.  A  Time  Pickoff  Unit  (Ortec 
260)  feeds  this  pulse  from  the  diode  to  an  integrator  and  sample/hold 
unit  that  yields  an  analog  signal  representative  of  input  laser  power. 
This  analog  output  is  both  digitized  for  digital  recording  and  used  as 
the  denominator  in  a  divider  (PAR  230  Multiplier  Unit)  to  give  a 
normalized  output  for  analog  recording  used  to  visually  monitor  scans. 
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Figure  1.  Schematic  of  Pulsed  Laser  Raman  spectroscopy  System 


This  same  output  from  the  PIN  diode  provides  a  timing  pulse  (Ortec  403) 
to  trigger  a  pulse  generator  (pulse  generator  B  In*  figure  1; 
Systron-Donner  100A  Pulse  Generator)*  Additionally,  the  synchronized 
output  from  the  Chromatix  laser  lamp  flash  circuit  is  used  to  trigger 
another  pulse  generator  (pulse  generator  A  in  figure  1;  portion  of  PAR 
CW-1  Boxcar  Integrator)  that  is  used  to  feed  the  enable  gate  of  pulse 
generator  B  in  figure  1.  In  this  configuration,  pulse  generator  B 
provides  an  output  pulse  to  open  a  gate  to  the  digital  counter  (SSR  1120 
Photon  Counter)  only  during  the  time  duration  of  each  pulse  of  the 
laser,  and  spurious  firing  of  pulse  generator  B  is  virtually  eliminated. 
Since  scattered  photons  detected  by  the  photomultiplier  on  the  exit  slit 
of  the  spectrometer  are  counted  by  the  digital  counter  only  during  the 
short  time  (100-200  ns)  that  the  laser  is  active,  background  signal  from 
photomultiplier  dark  current,  fluorescence,  ambient  light,  etc.,  are 
essentially  reduced  to  near  zero  and  weak  signals  are  observable. 
Typical  operation  is  to  hold  at  a  spectrometer  setting  for  a  fixed 
number  of  input  laser  pulses,  with  signal  to  noise  ratio  improved  at 
larger  numbers  of  input  pulses. 
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Three  digital  signals  are  recorded  for  each  setting  of  the 
spectrometer,  the  scattered  photon  count  from  the  counter,  the  digitized 
output  from  the  Integrator  and  sample/hold  circuit  that  is  proportional 
to  the  incident  laser  power,  and  a  digitized  signal  from  the 
spectrometer  setting  that  gives  the  wavenumber  shift  measured  from  the 
Incident  laser  wavelength.  These  three  signals  are  processed  through  a 
PAR  Series  260  multiplexer  unit  and  recorded  on  magnetic  tape  (Texas 
Instruments  Silent  700  ASR  data  terminal)  for  subsequent  processing. 
The  digital  output  of  the  photon  counter  is  also  converted  to  an  analog 
signal  for  analog  recording  on  an  x-y  plotter  used  primarily  as  an 
operator  monitor 


IV.  RAMAN  SCATTERING  SPECTRUM  OF  Si  WITH  VISIBLE  LIGHT 

Samples  are  mounted  on  a  cold  finger  of  an  Air  Products  Hell-Tran 
using  either  liquid  nitrogen  or  liquid  helium  cryogenic  fluids.  Figure 
2  show  a  typical  spectrum  from  a  silicon  sample  with  boron  concentration 
of  1017  in  the  back  reflection  geometry.  Ths  cold  finger  was  at  77K  and 
the  sample  was  under  125K.  The  spectrometer  was  held  at  a  fixed 
wavelength  counting  scattered  photons  for  an  interval  determined  by  4000 
incident  laser  pulses.  The  only  strong  feature  is  the  silicon  LO  phonon 
interaction  at  523  cm  *  shift  below  the  energy  of  the  532  nm  incident 
laser  wavelength.  No  features  associated  with  a  boron  acceptor  impurity 
is  discernable. 

Figure  3  shows  two  scans  on  the  same  crystal  taken  with  the  sample 
on  the  4R  cold  finger,  but  with  different  scattering  geometries.  The 
scale  is  amplified  to  look  for  features  in  the  spectrum  (LO  phonon 
counts  at  the  524  cm  *  peak  were  near  8000).  In  back  reflection,  the 
background  count  is  several  hundred  counts  per  4000  laser  pulses,  due 
either  to  weak  Raman  signals  or  stray  laser  light  reflecting  its  way 
through  the  spectrometer  to  the  detector  as  noise.  The  lower  curve  is 
for  a  geometry  with  the  incident  laser  light  directed  nearly  parallel  to 
the  surface  and  the  collected  scattered  light  at  90  degrees  to  this 
incident  beam.  Note  the  background  reduced  to  only  several  per  4000 
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laser  pulses  with  this  geometry  the  less  specularly  reflected  light 
ecatters  into  the  spectrometer  slit  than  with  back  reflection  geometry. 

The  two  "peaks'*  in  this  Raman  spectrum  were  at  first  thought  to  be  the 

8  11  “1 
previously  reported  *  boron  electronic  Raman  line  at  184  cm  (23  meV) 

and  weak  lattice  phonon  lines  near  306  cm  (37.9  meV).  Attempts  to 

repeat  this  data  on  the  same  sample  revealed  that  the  "peaks"  were 

actually  artifacts  that  resulted  from  an  increase  in  the  specularly 

reflected  light  from  the  sample  that  occurred  when  we  were  actually 

burning  pit  holes  in  the  sample  periodically,  and  it  just  happened  to 

occur  on  the  run  shown  at  the  time  when  the  spectrometer  was  at  184  cm  * 

the  position.  It  became  obvious  that  highly  absorbed  visible  light  was 

not  going  to  permit  the  observation  of  electronic  Raman  features. 

Visible  laser  light  at  332  nm  was  useful  only  for  the  strong  LO 
phonon  peak  determination.  A  side  project  to  use  the  position  of  this 
phonon  pea'-  to  determine  strain  conditions  in  thin  silicon  films  on 

zlrconia  (SOZ)  and  on  saphlre  (SOS)  substrates  was  very  successful.  A 
sample  of  the  observed  several  wavenumber  shifts  to  higher  energy  in 
strained  silicon  films  is  shown  in  figure  4.  The  strain  calculated  from 
such  shifts  correlated  well  with  x-ray  measurements,  and  were  much  more 
convenient . 

V.  RAMAN  SCATTERING  SPECTRUM  OF  Si  WITH  IR  LASER  LIGHT 

It  was  obvious  in  hindsight  that  the  1064  nm  line  from  the  YAG 

laser  should  be  used  to  investigate  silicon.  At  low  temperatures,  this 

corresponds  to  a  region  of  low  absorption  and  the  volume  of  the  sample 
can  be  probed.  Several  experimental  snags  were  however  encountered  in 
short  order.  First,  the  existing  spectrometer  with  a  pair  of  1200  g/mm 
gratings  could  not  mechanically  be  turned  past  1.0  micron  position,  and 
we  needed  to  work  in  the  1064  to  1130  nm  range.  Gratings  with  600  g/mm 

were  needed,  but  not  available  for  months.  An  attempt  to  borrow  600 

g/nn  gratings  from  other  groups  at  the  lab  was  partially  successful  in 
that  two  were  found  from  different  researchers,  but  both  were  blazed  at 
angles  that  were  inefficient  for  1100  nm  light  (one  blazed  at  600  nm 
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wasn't  too  bad,  but  the  one  blazed  at 
1850  nn  gave  only  a  few  percent 
transmission  at  1100  nm  as  expected 
from  grating  efficiency  curves). 
Next,  the  existing  (v«:ry  efficient  In 
the  visible)  C31034  end  window 
photomultiplier  had  to  be  replaced  by 
one  with  SI  response.  The  only  tube 
available  with  SI  response  was  a 
C31004A  side  window  tube  that  did  not 
fit  in  the  existing  cooled  housing. 
PM  tubes  with  SI  photocathodes  must 
be  cooled  to  reduce  dark  currer*; 
'**  noise.  Dark  emission  is  reduced  by  an 

Mi  |  ■  iA  fiMaal 
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order  of  magnitude  for  every  20 
Figure  5.  Spectral  Response  °  1 

degrees  cooling  (Dark  emission  from 

7  2 

10  electrons  per  sec  per  cm  at  +20C 

4  -1  -2 

to  10  e  a  cm  at  -40C  ).  Two  cooled  PM  housings  were  designed  and 
built  for  the  side  window  C31004  tube,  one  using  liquid  nitrogen  and  the 
other  using  thermoelectric  coolers.  They  worked  well  to  reduce  dark 
current,  but  detected  signals  near  1100  nm  and  beyond  In  that 
spectrometer  with  Inefficiently  blazed  gratings  and  the  cooled  C31004A 
PM  tube  were  extreemly  weak.  Essentially  no  Raman  signal  was  detectable, 
even  from  the  stronger  phonon  interactions  in  silicon.  A  closer 
investigation  of  tube  response  revealed  that  the  C31004  tube  Is  a 
reflective  photocathode  type.  While  It  has  a  Ag-O-Cs  photocathode  like 
other  SI  Class  tubes,  its  extended  IR  sensitivity  Is  not  good  compared 
with  the  transmlslve  photocathode  types  like  the  7102  end  window  tube. 
It  became  obvious  what  was  necessary  to  do  this  experiment,  but  it  was 
not  going  to  be  possible  to  accomplish  the  task  during  the  tenure  of  the 
SCEEE  Fellowships.  A  pair  of  600  g/mm  gratings  blazed  for  efficiency  at 
1.0  or  1.2  microns  and  a  super-cooled  photomultiplier  housing  with  an 
end  window,  transmissive,  photocathode  photomultiplier  tube  selected  for 
extended  IR  range  sensitivity  were  necessary.  All  are  available  for 
reasonable  costs,  but  not  in  a  reasonable  time  frame. 
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VI.  HALL  EFFECT  STUDIES 

the  Hall  effect  la  a  valuable  tool  for  studying  semiconductor 

material.  From  Hall  measurements  the  type  of  electronic  carrier,  the 
number  of  carriers  per  unit  volume,  and  their  mobility  can  be  obtained. 
By  taking  Hall  data  over  a  wide  range  of  temperatures,  the  carrier 

concentration  information  can  yield  the  identity  of  and  the 
concentration  of  the  electrically  active  impurites.  Since  an 
experimental  Hall  measurements  apparatus  was  available  in  the  Materials 
Laboratory  along  with  high  quality  “pure*  bulk  samples  of  silicon, 

attention  was  directed  for  the  balance  of  the  research  period  was 

directed  at  a  study  of  the  possible  effect  of  surface  depletion  layers 
on  carrier  concentration  determinations. 

In  a  piece  of  high  purity  silicon,  a  quadravalent  substance,  the 
surface  of  the  material  will  have  many  "unbonded  sites."  The  electrons 
from  these  bonds  can  move  into  the  bulk  of  the  material  and  leave  the 
surface  of  the  material  with  a  positive  charge.  Samples  are  normally 
prepared  by  treating  the  silicon  material  with  acid  solutions  which 
removes  the  outer  layer  of  oxidized  and  damaged  silicon.  A  new  oxide 
layer  is  carefully  grown  on  the  surface  by  immersing  the  sample  in 
boiling  distilled  water.  With  a  "perfect"  oxide  present,  the  surface  is 
electically  neutral  but  for  any  realistic  situation  there  may  be  a  small 
positive  charge  left  at  the  surface.  This  gives  rise  to  a  small  region 
of  depleted  carriers  called  the  depletion  region.  Depending  on  the 
quality  of  the  oxide  grown,  this  region  is  estimated  to  have  a  thickness 
from  1-100  microns.  The  question  posed  is  whether  or  not  the  depletion 
region  significantly  affects  the  measured  carrier  concentration.  The 
depletion  region  in  an  insulating  region  in  the  sample.  Current 
equations  used  for  calculating  carrier  concentration  include  the 
thickness,  t,  of  the  sample  used  but  they  do  not  account  for  the 

d  -  thickness  of  depletion  region 
t  -  measured  thickness 
t-2d  ■  true(ef fective)  thickness 

pmeasured  "  ptrue  ^  *  2d/t  ) 
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possible  presence  of  Che  depletion  region.  For  chick  staples  Che  effect 
Is  negligible  but  for  chin  saaples  with  true  or  effective  thickness  of 
t-2d  the  effect  on  hole  concentration,  p  ,  could  be  quite  significant. 

In  order  to  study  the  effects  of  the  thickness  of  the  depletion 
region,  Hall  aeasureaents  using  the  Van  der  Pauw  technique  were  planned 
on  a  set  of  high  quality  silicon  saaples.  We  elected  to  aaka  a  series 
of  aeasureaents,  beginning  with  three  identically  prepared  saaples  each 
having  a  thickness  of  about  2  millimeters.  Standard  laboratory 
proceedures  were  followed  and  Hall  runs  were  undertaken  on  the  three 
saaples.  These  same  three  saaples  were  then  thinned  to  about  1 
millimeter,  repollshed,  and  processed  for  a  second  set  of  Hall 
measurements.  Subsequent  thinning  and  polishing  to  smaller  and  smaller 
thicknesses  of  about  0.5  millimeters,  0.25  millimeters,  etc.,  were 
anticipated.  Before  the  Hall  measurements  were  taken,  the  three  sample 
set  was  cleaned  In  a  boiling  soution  of  alcohol  followed  by  a  boiling 
solution  of  diluted  hydrochloric  add  and  rinsed  In  distilled  water. 
The  physical  thickness  of  each  saaple  was  then  measured.  The  oxidized 
silicon  layer  was  etched  off  in  a  room  temperature  solution  of 
hydrofluoric  acid  and  then  a  new  oxide  layer  was  grown  on  the  silicon 
samples  in  a  twenty  minute  bath  of  boiling  distilled  water.  The  process 
was  Intended  to  ensure  that  the  surface  of  each  of  the  saaples  was 
treated  identically. 

The  data  generated  by  the  Hall  apparatus  was  then  processed 
through  computer  programs  to  yield  plots  of  carrier  concentration, 
resistivity,  Hall  mobility,  and  Hall  coefficient  against  temperature. 
Measurements  have  been  completed  on  all  three  saaples  at  the  first  two 
thicknesses.  All  three  samples  survived  and  have  been  turned  back  to 
the  lab's  crystal  polishing  technician  for  continued  thinning.  Since  we 
a  located  physically  clos*’  to  the  Materials  Laboratory  at  Wright 
Patterson  Air  Force  Base,  it  is  anticipated  that  ws  will  maintain 
contact  and  continue  to  be  involved  in  this  series  of  experiments  after 
our  official  tenure  as  SCEEE  fellows  has  terminated.  Shown  in  figure  6 
is  a  representitive  comparison  plot  of  carrier  concentration  against 
temperature  on  one  of  the  three  samples.  The  two  curves  result  from 
different  sample  thickness  of  the  same  saaple.  The  top  curve  (using  + 

126-17 


v  „•  *•  wH  j*  tr»  v  » t-n  -■> 


v;  w .  r»  i  ^  - 


HOLE  CONCENTRATION 


126-13 


symbols)  Is  for  the  sample  at  a  thickness  of  two  millimeters;  the  lower 
curve  (using  symbols  of  a  point  In  a  box)  Is  for  a  thickness  one 

millimeter.  Each  of  the  three  samples  exhibited  this  same  phenomenon. 
The  slope  of  the  straight  line  portion  gives  the  activation  energy  of 
the  carrier.  The  carrier  Is  boron  which  is  always  present  in  "pure'* 
silicon.  The  leveling  off  of  the  curve  represents  the  fact  that  the 

temperature  is  high  enough  that  all  the  carriers  of  that  type  have  been 

activated.  At  this  time  it  is  not  clear  as  to  whether  the  hopefully 
Identical  depletion  regions  in  samples  of  different  total  thickness  has 
affected  the  carrier  concentration  determination  significantly. 
Obviously  additional  runs  at  smaller  thicknesses  are  necessary  before 
any  firm  conclusions  are  drawn  from  this  data. 

VII.  RECOMMENDATIONS 

Three  additional  pieces  of  equipment  are  needed  to  do  a  Raman 
study  of  silicon  doped  with  group  IIIA  elements  on  tt.a  Raman  apparatus 
used  in  this  study.  A  pair  o!  gratings  with  600  g/mm  that  are  blazed 
for  high  reflectance  in  the  1100  nm  range,  a  super-cool  photomultiplier 
housing  to  reduce  dark  current  in  the  SI  type  photocathode  of  the 

photomultiplier,  and  a  selected,  extended  infrared  range,  photo¬ 
multiplier  with  transmissive  front  window  photocathode.  The  ares  of  the 
photomultiplier's  photocathode  should  be  small  since  that  will  also 
reduce  the  dark  current  in  the  tube,  and  the  image  of  the  spectrometer 

slit  at  the  photocathode  is  not  large.  A  Hamamatsu  R632A  tube  selected 

for  a  high  red  to  total  response  ratio  would  be  a  good  choice. 

Additional  studies  of  these  impurities  in  silicon  seem  to  be 
warranted  at  this  time  due  to  the  availability  of  high  grade  silicon 
materials  and  the  questions  that  remain  concerning  the  existence  of 

electronic  Raman  scattering  from  acceptors  in  this  material.  It’s  a 
difficult  experiment  in  this  infrared  range,  but  has  a  good  chance  of 
some  success  with  an  efficient  Raman  detection  system  at  these 

wavelengths. 
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ABSTRACT 


Efforts  were  directed  at  providing  methods  for  the  tentative 
identification  of  Legionellae  submitted  for  characterization  and 
determining  if  routine  isolation  of  Legionellae  from  environmental  samples 
is  feasible  without  the  use  of  laboratory  animals  or  embryonated  eggs. 

The  three  major  groups  of  Legionellaceae  can  be  differentiated  using  dye 
containing  media;  these  groups  include  the  genus  Legionella  and  proposed 
genera  Tatlockia  and  Fluoribacter .  Other  tests  useful  for  tentative 
separation  of  species  include  brown  pigment  production  on  media  containing 
aromatic  substrates,  growth  in  the  presence  of  1 %  N'aCl ,  the  results  of 
a  modified  hippurate  test,  and  the  oxidase  reaction.  Further  research 
is  needed  to  insure  that  these  organisms  can  be  isolated  from  environmental 
samples.  Current  pretreatment  and  plating  media  were  found  to  be 
inadequate  for  the  routine  recovery  of  Legionellae  when  present  in  low 
numbers.  Suggestions  for  further  research  are  included. 
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I.  INTRODUCTION: 


Members  of  the  family  Legionellaceae  are  somewhat  unusual  Gram  negative 
rods  that  are  found  in  numerous  aquatic  environments  and  may  be  the  cause 
of  respiratory  illness  in  humans.  The  term  "Legionnaires'  Disease"  refers 
to  illness  caused  by  Legionella  pneumophila.  However,  it  is  now  clear 
that  similar  infections  have  occurred  throughout  the  United  States  and 
other  parts  of  the  world  and  that  L.  pneumophila  and  related  organisms 
in  the  family  Legionellaceae  are  responsible  for  these  illnesses. 

Members  of  the  family  Legionellaceae  are  rods  which  measure  about 
0.3  to  0.9  /urn  in  width  and  may  be  2  to  20  ium  in  length  (Brenner,  et  al. 

1984).  The  longer  filamentous  forms  are  more  common  in  laboratory 
cultures;  short  rods  are  most  commonly  seen  in  infected  tissues.  They 
are  Gram-negative  but  stain  poorly  by  the  conventional  Gram  stain.  This 
reaction  may  be  enhanced  by  substituting  carbol  fuchsin  for  safranin  in 
the  Gram  staining  procedure.  The  organisms  are  flagellated  and  require 
L-cysteine-HCl  and  iron  salts  (ferric  pyrophosphate  or  ferric  nitrate) 
for  growth.  These  organisms  are  best  cultured  in  the  laboratory  on  a  complex 
medium  containing  yeast  extract,  activated  charcoal,  alpha-ketoglutarate, 
potassium  hydroxide,  and  agar  as  well  as  the  cysteine  and  iron  salt. 

The  addition  of  ACES  buffer  (N-2-acetamido-2-aminoethane-sulfonic  acid) 
enhances  growth  by  buffering  the  pH  of  the  medium  between  6.85  to  7.0. 

The  organisms  do  not  grow  on  conventional  blood  agar  or  numerous  other 
media.  A  defined  medium  has  also  been  described  for  the  organisms  (Warren 
and  Miller,  1979). 

Other  characteristics  of  Legionellae  include  a  positive  catalase  test 
and  a  negative  or  weakly  positive  oxidase  reaction.  The  organisms  liquefy 


127-3 


gelatin  and  are  negative  for  urease  and  nitrate  reduction.  They  do  not 
ferment  carbohydrates.  Therefore,  growth  of  the  organisms  in  the 
laboratory  requires  specialized  media  and  identification  of  species  is 
based  on  a  few  characteristics.  Final  identification  requires  direct 
fluorescent  antibody  testing,  gas  liquid  chromatography,  and 
deoxyribonucleic  acid  (DMA)  hybridization  (Weaver  and  Feeley,  1979). 

The  Microbiology  Section  of  the  Epidemiology  Division  is  a  reference 
center  for  Air  Force  clinical  laboratories  throughout  the  world.  The 
personnel  at  this  lab  have  received  requests  for  confirmation  and 
identification  of  Legionellae.  Because  these  organisms  are  relatively 
new  to  the  clinical  laboratory  experience,  laboratory  personnel  have  not 
set  up  procedures  for  isolation  and  identification  of  Legionellae.  These 
organisms  may  be  a  part  of  the  flora  of  cooling  towers  and  institutional 
hot  water  systems.  Therefore,  in  addition  to  the  need  for  information 
on  tests  for  confirming  a  clinical  isolation  of  Legionellae,  laboratory 
personnel  wished  to  investigate  the  feasibility  of  isolating  the  organisms 
from  environmental  sources  without  the  use  of  laboratory  animals. 

My  experience  in  microbiology  includes  work  in  a  clinical  laboratory 
as  well  as  a  contract  involving  Brucella  sp.  Therefore,  I  had  experience 
with  clinical  microbiology  as  well  as  fastidious  bacteria  which  require 
special  isolation  techniques.  In  addition,  the  Brucella  are  organisms 
with  considerable  pathogenic  potential  for  laboratory  workers.  Experience 
in  working  with  such  organisms  provides  an  increased  sense  of  laboratory 
safety  necessary  for  working  with  bacteria  which  may  be  transmitted  to 
personnel  by  the  aerosol  route. 

II.  OBJECTIVES: 
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The  objectives  of  this  project  are  listed  below: 


Ma lor  Ob lective: 

The  major  objective  of  this  research  is  to  prepare  working  protocols  for 
the  isolation  and  identification  of  Legionella  pneumophila  and  other 
organisms  in  the  family  Legionellaceae. 

Detailed  Objectives: 

1)  Research  all  previously  described  commercial  or  in-house  prepared  media 
used  for  growing  Legionellae. 

2)  Determine  what  media  and  reagents  should  be  purchased  commercially 
and  those  which  should  be  made  in-house. 

3)  Determine  biochemical  tests  required  for  the  identification  and 
differentiation  of  Legionellae.  Such  tests  include  staining,  colonial 
morphology  and  pigmentation,  dye  sensitivity,  catalase  and  oxidase 
determinations,  fluorescent  staining  and  others  as  determined  by 
literature  review. 

4)  Develop  a  simple,  rapid  protocol  to  isolate  such  organisms  from  both 
clinical  and  environmental  specimens. 

5)  Develop  flow  charts  that  may  be  used  for  processing  specimens  and  for 
characterizing  Legionellae  isolates.  These  flow  charts  must  be  detailed 
for  the  purpose  of  standardizing  laboratory  procedures  with  changes  in 
laboratory  personnel. 

6)  Once  the  above  objectives  have  been  completed,  determine  if  Legionellae 
may  be  recovered  from  aquatic  organisms  such  as  protozoa  and  insect  larvae. 

Because  of  the  growth  rate  and  difficulty  of  isolating  Legionellae 
from  mixed  cultures,  it  was  agreed  that  these  objectives  were  reasonable 
for  the  ten  week  research  period.  A  complicating  factor  involves  the 
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recent  isolation  of  numerous  new  species  of  Legionellae  which  must  be 
differentiated  from  known  strains.  This  aspect  of  the  project  clearly 
demonstrates  the  need  for  future  research  relating  to  specific  isolation 
and  differentiation  within  this  group  of  organisms  particularly  when  final 
identification  is  based  on  techniques  not  routinely  used  in  most  clinical 
laboratory  settings  (i.e.,  fatty  acid  extraction  and  analysis  and  DNA 
hybridization) . 

II.  NOMENCLATURE: 

The  nomenclature  of  Legionellae  is  rather  complex  because  this  group 
of  organisms  has  only  recently  been  described.  The  organisms  used  in 
this  study  are  described  in  Table  1.  Both  the  original  and  proposed  names 
are  shown  along  with  spelling  variations  (Brenner,  et  al.  1984;  Vickers 
and  Yu,  1984), 

III.  CULTURE  MEDIA: 

Culture  medium  bases,  from  commercial  sources  and  or  prepared  in-house, 
were  compared  for  usefulness  in  culturing  the  eight  test  organisms. 
Historically,  Legionellae  have  been  cultured  both  in  vitro  and  in  vivo. 

In  vivo  methods  include  the  use  of  guinea  pigs  and  embryonated  chicken 
eggs.  Ln  vitro  culture  has  been  accomplished  using  a  number  of  media 
including  Mueller-Hinton  Agar  enriched  with  ferric  pyrophosphate  and 
L-cysteine.  Charcoal  yeast  extract  (CYE)  agar  replaced  this  medium. 

Further  research  led  to  the  modification  of  CYE  agar  to  include 
apha-keotglutarate  and  ACES  buffer  (BCYE  agar;  Feeley,  et  al.  1979). 

Difco  Laboratories  has  recently  made  the  BCYE  agar  base  available 
commercially.  The  Mueller-Hinton  agar  was  tested  and  found  to  be  suitable 
only  for  the  cultivation  of  L.  pneumophila.  The  other  Legionc’lae  did 
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not  grow  on  this  medium.  Another  medium  tested  contained  a  commercial 
supplement  prepared  by  Oxoid  Laboratories.  This  medium  supported  the 
growth  of  L.  pneumophila.  L.  micdadei.  and  L.  bozemanil.  Both  L.  mlcdadei 
and  L.  bozemanii  grew  poorly  on  this  medium.  Oxoid  also  previously 
supplied  an  antibiotic  supplement  containing  colisitin,  vancomycin, 
trimethoprim,  and  amphotericin  B  that  may  be  added  to  the  basal  medium. 

This  supplement  inhibited  the  growth  of  all  the  Legionellae  except  L^. 
pneumophila.  Addition  of  this  antibiotic  supplement  to  the  Difco  BCYE 
agar  inhibited  the  growth  of  L.  dumoffii,  L.  bozemanii,  L.  longbeachae, 

L.  lordanis.  and  L.  gormanii.  Only  L.  pneumophila  grew  well  on  the  medium 
while  L.  micdadei  and  L.  wadsworthii  grew  poorly.  It  is  clear  that  the 
BCYE  agar  is  superior  for  the  growth  of  the  Legionellae  tested.  The  medium 
may  be  prepared  from  components  or  from  the  commercial  Difco  base  to  which 
the  Difco  supplement  containing  ferric  pyrophosphate  and  L-cysteine  is 
added.  The  commercial  medium  as  prepared  is  quite  satisfactory  and 
provides  for  excellent  growth  of  all  strains  tested.  The  commercial 
preparation  usually  gives  the  optimum  pH  without  adjustment.  The  in-house 
version  of  this  medium  appears  more  granular  due  to  the  size  of  the 
charcoal  particles. 

IV.  CULTURE  CONDITIONS  AND  PRESERVATION  OF  STOCK  CULTURES: 

All  Legionellae  tested  grew  well  when  incubated  at  35°C  in  the  presence 
of  2.52  COj.  Although  we  found  no  difficulty  in  growing  the  organisms 
in  the  presence  of  6%  CC^,  numerous  references  in  the  literature  would 
indicate  that  this  concentration  of  gas  may  be  toxic  to  fresh  isolates 
(Balows,  et  al.  1981).  Therefore,  it  seems  that  all  culture  work  should 
be  done  in  a  candle  extinction  jar  incubated  at  35°C.  We  found  that  all 
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eight  Legionellae  grew  more  slowly  at  25°C. 

Stock  cultures  may  be  maintained  on  BCYE  agar  slants  at  room 
temperature  for  at  least  two  weeks.  Refrigeration  reduces  viability. 

Most  strains  tested  at  CDC  survive  for  at  least  16  weeks  on  these  slants. 

We  also  found  that  the  organisms  could  be  frozen  in  tryptic  soy  broth 
or  CYE  broth  containing  10%  glycerol.  The  BCYE  glycerol  mixture  seems 
to  be  somewhat  better  for  maintaining  the  viability  of  L.  wadsworthii 
and  L.  longbeachae. 

It  is  noteworthy  that  several  authors  have  found  that  reconstituting 
Legionellae  with  saline  decreases  viability  (Balows,  et  al.  1981).  All 
transferring  of  organisms  where  sterile  0.85%  saline  would  be  used  should 
be  done  with  sterile  water. 

V.  STAINING  AND  OTHER  TESTING: 

Legionellae  may  be  stained  by  the  conventional  Gram  stain.  However, 
these  Gram  negative  organisms  stain  poorly  with  safranin  even  with 
prolonged  contact  with  the  dye.  Therefore,  other  staining  methods  are 
advisable  and  several  were  tested  including  a  modified  Gram  stain  procedure 
which  employs  carbol  fuchsin  as  a  counterstain.  This  staining  procedure 
gives  excellent  results.  The  Gimenez  method  may  be  used  to  stain  organisms 
which  hav  been  grown  in  yolk  sacs.  Although  the  stain  may  be  used  with 
conventional  cultures,  the  organisms  do  not  stain  as  intensely  as  with 
the  modified  Gram  stain. 

Staining  with  Suo;.i  black  B  solution  may  be  used  to  demonstrate 
blue-black  or  blue-gray  droplets  in  the  cytoplasm  of  the  organisms.  There 
is  some  variability  among  species  with  regard  to  the  abundance  of  lipid. 
However,  &-  eight  organisms  were  positive  for  lipid  inclusions. 
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Direct  fluorescent  antibody  staining  was  performed  using  conjugates 
prepared  at  the  Centers  for  Disease  Control.  It  is  suggested  that  this 
test  be  performed  on  isolated  cultures  as  well  as  environmental  or  patient 
isolates.  We  used  a  polyvalent  conjugate  to  teat  for  the  presence  of 
L.  pneumophila  in  environmental  samples.  The  conjugate,  as  prepared, 
gave  some  cross  reactivity  with  environmental  organisms  which 
morphologically  did  not  fit  the  description  of  Legionellae.  However, 
this  test  is  necessary  to  determine  the  relative  numbers  of  organisms 
which  may  be  present  in  a  sample.  Newer  monoclonal  antibody  preparations 
should  be  tested  when  they  become  commercially  available  (Antibodies, 

Inc.). 

VI.  TESTING  OF  KNOWN  LEGIONELLAE; 

The  organisms  all  require  L-cysteine-HCl  and  none  grow  on  conventional 
blood  agar.  None  produce  acid  from  carbohydrates  and  carbohydrate  testing 
requires  a  special  basal  medium  (Weaver  and  Feeley,  1979).  All  strains 
are  positive  for  catalase.  This  test  may  be  performed  on  a  slant  using 
2-3  ml  of  3%  hydrogen  peroxide  or  by  placing  a  loop  of  inoculum  in  a  drop 
of  hydrogen  peroxide.  It  should  be  noted  that  the  growth  needs  to  be 
broken  up  slightly  so  that  the  organisms  and  the  peroxide  mix  well.  This 
may  be  accomplished  with  a  capillary  pipet  or  by  other  appropriate  methods. 
Gelatinase  activity  may  be  demonstrated  using  a  strip  of  black  and  white 
film  that  is  placed  in  a  0.5  ml  turbid  suspension  (McFarland  standard 
No.  1)  of  organisms  in  a  13  x  100  mm  test  tube.  The  tube  should  be 
incubated  in  2.5%  (X^  for  48-72  hours  at  35°C.  We  noted  that  a  conventional 
gelatinase  test  is  usually  positive  in  72  hours  but  requires  a  very  heavy 


inoculum. 


The  oxidase  test  is  performed  using  a  0.5%  solution  of 
tetramethyl-p-phenylenediamine  dihydrochloride  which  is  used  to  wet  a 
piece  of  filter  paper.  Transfer  growth  using  an  iridium  loop  and  rub  the 
inoculum  into  the  wet  area.  A  dark  blue  color  should  appear  in  10  sec. 

We  found  variability  in  using  the  oxidase  test.  Two  organisms  (L. 
pneumophila  and  L.  micdadei)  gave  inconsistent  results;  they  were  often 
negative  while  L.  jordanis  gave  a  positive  reaction.  Finally,  I,. 
longbeachae  consistently  gave  a  weak  oxidase  test.  One  factor  in  the 
test  appeared  to  be  the  age  of  the  plate  from  which  the  test  material 
was  obtained.  For  most  consistent  results,  we  found  that  cultures  no 
more  than  72  hours  old  should  be  used. 

In  general,  Legionellae  show  variability  in  their  sensitivity  to  sodium 
chloride.  Buffered  yeast  extract  broth  (Ristroph,  et  al.  1980)  containing 
1%  NaCl  may  be  used  to  differentiate  L.  pneumophila  and  L.  longbeachae 
from  the  other  six  organisms  (See  Table  2).  This  test  was  performed  by 
inoculating  the  broth  with  two  drops  of  a  suspension  of  organisms 
equivalent  to  a  McFarland  standard  No.  1.  The  tubes  are  incubated  for 
72-96  hours  at  35°C  in  the  presence  of  2.5%  COj. 

The  standard  nitrate  test  is  negative  for  all  known  Legionellae. 

They  are  also  negative  for  a  modified  nitrate  test  where  0.2%  potassium 
nitrate  is  incorporated  into  agar  slants  which  contain  Fildes'  enrichment 
(Weaver  and  Feeley,  1979).  These  slants  should  be  incubated  for  seven 
days.  Likewise,  the  urease  test  using  Christensen's  urea  agar  slants 
is  negative  at  24  hours.  The  slant  should  be  inoculated  using  a  very 
heavy  inoculum  since  the  organisms  do  not  grow  on  this  medium  and  testing 
requires  the  large  inoculum  to  insure  that  the  enzyme  is  present  in 
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sufficient  amounts  to  give  a  positive  test  (Weaver  and  Feeley,  1979). 

Neither  the  standard  or  rapid  hippurate  hydrolysis  test  may  be  used 
with  Legionellae  (Hebert,  1981).  A  modified  hippurate  test  has  been 
described  whereby  0.4  mi  of  a  1%  sodium  hippurate  test  is  inoculated  with 
organisms  grown  on  BCYE  agar  for  48-72  hours  (approximate  tubidity  - 
McFarland  standard  No.  1).  The  caps  are  tightened  and  the  culture 
incubated  at  35°C  for  18-20  hours.  After  incubation,  0.2  ml  of  ninhydrin 
reagent  is  added  to  each  tube,  the  caps  are  tightened,  and  the  mixture 
is  incubated  at  35°C  for  10  minutes.  The  tubes  are  removed  and  observed 
for  20  minutes  and  any  shade  of  purple  is  recorded  as  positive.  Controls 
include  uninoculated  sodium  hippurate,  suspensions  of  Legionellae  in  water 
and,  if  available,  Campylobacter  fetus,  subspecies  leluni  and  C.  fetus. 


subspecies  intestinalis  are  used  as  positive  and  negative  controls, 
respectively.  Most  strains  of  L.  pneumophila  are  positive  while  other 
Legionellae  have  been  reported  to  be  negative. 

In  our  experience  neither  standard  motility  medium  nor  BYE  broth 


containing  0.3%  agar  are  useful  in  testing  for  motility  of  these  organisms 
although  electron  microscopy  would  indicate  that  most,  if  not  all,  strains 
have  flagella.  We  inoculated  both  types  of  media  with  a  very  heavy 
inoculum  and  observed  for  1  week.  Growth  into  the  medium  is  not  adequate 
for  use  although  the  organisms  did  grow  well  in  the  soft  BYE  agar. 

VTI.  AUTO  FLUORESCENCE,  GROWTH  ON  DYE  CONTAINING  MEDIA.  AND  SUBSTRATE 
REACTIONS: 

Growth  of  Legionellae  was  tested  on  dye-containing  media  including 
BCYE  supplemented  with  brom  cresol  purple  (BCP)  and  brora  thymol  blue  (BTB) 
in  combination  or  BCP  alone.  The  color  of  Legionellae  on  these  media 
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when  viewed  with  room  light  and  long  wave  ultraviolet  (UV)  light  is  useful 
in  differentiation  of  Fluoribacter  and  Tatlockia  sp.  from  Legionella  sp. 
(Vickers  and  Yu,  1984).  Three  Legionella  species  fluoresce  on  either 
medium;  this  fluorescence  is  part  of  the  basis  for  the  proposed  genus  name 
change  from  Legionella  to  Fluoribacter  for  L.  bozemanii,  L.  dumoffii. 
and  L.  gormanii.  All  three  organisms  show  a  bright  white  autofluorescence 
when  viewed  using  long  wave  UV  light.  The  dye  media  can  be  useful  in 
differentiating  L.  micdadei.  This  organism  gives  a  red  fluorescence  when 
grown  on  BCYE  containing  BCP  and  viewed  using  long  wave  UV.  After  72-96 
hours  of  incubation,  the  colonies  appear  deep  blue  in  color  when  viewed 
with  room  light.  When  grown  on  media  containing  BCP  and  BTB  and  viewed 
with  long  wave  UV,  colonies  of  both  L.  pneumophila  and  L.  wadsworthii 
appear  dull  green  while  L.  jordanis  colonies  appear  green-yellow.  Finally, 
L.  longbeachae  produces  an  extracellular  green  fluorescence  pigment  when 
grown  on  BCYE  containing  both  BCP  and  BTB.  Our  findings  would  indicate 
that  the  medium  containing  only  BCP  should  be  used  to  assist  in 
differentiating  L.  micdadei  from  the  other  species.  The  combination  of 
BCP  and  BTB  should  be  used  to  judge  autof lucrescence  and  pigment  production. 

Several  substrates  may  be  added  to  the  basal  medium  from  whir"'  charcoal 
has  been  omitted  (BYE  agar).  Four  of  the  organisms  produce  brown  pigment 
in  the  presence  of  tyrosine  and  cystine;  these  include  L.  pneumophila. 

L.  bozemanii,  L.  gormanii,  L.  jordanis,  and  L.  longbeachae.  Some  of  these 
reactions  are  in  variance  with  those  reported  in  the  literature.  This 
substrate  reaction  along  with  other  substrates  including 
3,5-diaminobenzoic  acid  (3,5-DABA),  3,4-diaminobenzoic  acid  (3,4-DABA) 
and  3-ami  not yrosine  should  be  tested  at  a  future  date.  The  latter  three 
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compounds  were  unavailable  for  testing  during  the  research  period. 
Fluorescence  of  colonies  can  be  viewed  on  this  agar  as  well  as  the 
dye-containing  BCYE  agar. 

VIII.  ISOLATION  OF  ORGANISMS  FROM  ENVIRONMENTAL  SAMPLES: 

Attempts  were  made  to  screen  water  samples  for  Legionellae.  These 
samples  were  taken  from  areas  as  far  as  200  miles  west  of  San  Antonio. 

The  samples  were  concentrated  by  filtration  and  screened  using  polyvalent 
fluorescent  antibody.  Although  some  samples  appeared  to  have  very  low 
numbers  of  suspect  organisms  present,  we  were  unable  to  isolate  any 
Legionellae  from  natural  sources.  Potable  water  was  tested  from  the 
hot  water  system  of  the  laboratory  (shower  heads  and  sediment  from  the 
hot  water  holding  tank).  The  cooling  tower  for  the  same  building  was 
also  tested.  We  were  able  to  recover  Legionellae  that  had  been  seeded 
into  some  of  these  samples.  A  major  problem  that  exists  with  environmental 
samples  is  finding  a  method  of  reducing  the  growth  of  contaminating 
organisms  while  allowing  for  the  growth  of  Legionellae.  The  seeded 
samples  were  treated  with  heat  (56°C  for  30  minutes),  acid  (pH  2.2  buffer 
or  acid  solution),  or  h  at  followed  by  acid.  Although  several  reports 
would  indicate  that  acid  treatment  is  superior,  our  results  would  indicate 
that  the  nature  of  the  si  .imen  may  influence  the  effectiveness  of  the 
treatment.  Heat  treatment  appeared  to  better  reduce  the  contaminating 
organisms  and  Legionellae  could  be  recovered  as  long  as  the  seeding 
inoculum  was  fairly  high  (approximately  10  to  10°  organisras/ml) .  No 
attempts  were  made  to  isolate  organisms  using  embryonated  eggs  or  guinea 
pigs.  In  general,  isolation  of  organisms  in  vitro  appears  unlikely  unless 
Legionellae  are  present  in  high  numbers  and  the  number  of  contaminants 
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ran  be  reduced. 


Various  antibiotic-containing  media  have  limited  usefulness.  The 
Oxoid  antibiotic  supplement  certainly  was  effective  in  reducing 
contaminants  although  among  the  Legionellae,  only  L.  pneumophila  would 
grow  on  the  medium.  Media  supplemented  with  glycine,  vancomycin  and 
polymyxin  (GV?)  or  polymyxin,  anisomycin,  and  vancomycin  (PAV)  may  be 
useful.  However,  pretreatment  of  the  sample  is  necessary  and  the 
concentration  of  Legionellae  is  also  a  factor. 

Finally,  it  was  hoped  that  insect  larvae  and  free-living  protozoa 
could  be  tested  for  their  potential  role  as  carriers  of  Legionellae. 

The  goal  wa3  not  realized  due  to  time  limitations  and  difficulties  in 
obtaining  larvae. 

IX.  PROTOCOL  FOR  PRELIMINARY  IDENTIFICATION  OF  LEGIONELLAE; 

The  suggested  identification  protocol  for  Legionellae  is  shown  in 
Figure  1  and  Table  2.  We  do  not  recommend  routine  attempts  at  isolation 
of  the  organism  from  environmental  samples  without  the  availability  of 
guinea  pigs.  Therefore,  the  protocol  assumes  that  a  pure  or  relatively 
pure  sample  has  been  submitted  to  the  reference  laboratory  for 
identification. 

X.  RECOMMENDATIONS : 

The  recommendations  regarding  the  protocol  foi  characterization  of 
Legionellae  are  contained  in  Figure  1.  A  clear  need  exists  for  continued 
research  in  at  least  two  major  areas.  First,  continued  efforts  need  to 
be  directed  at  improving  differentiation  of  the  various  species  of 
Legionellae.  Ultimate  identification  requires  sophisticated  procedures 
that  are  not  routinely  performed  in  many  clinical  laboratories.  Continued 
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effort  in  this  area  should  assist  laboratories  in  making  a  presumptive 
identification  of  these  various  organisms. 

Our  experience  with  environmental  samples  would  indicate  that  no  medium 
provides  for  complete  inhibition  oi  contaminants  while  allowing  for  the 
growth  of  Legionellae.  It  is  unlikely  that  such  a  medium  can  be  designed. 
However,  it  seems  clear  that  a  number  of  media  formulations  may  be 
necessary  to  provide  for  optimal  recovery  of  Legionellae.  The 
incorporation  of  different  combinations  of  antibiotics  and  natural 
inhibitory  dyes  into  media  that  support  the  growth  of  Legionellae  is 
proposed  as  a  continuation  of  this  project.  Preliminary  testing  during 
the  research  period  would  indicate  that  individual  dyes  and  dye 
combinations  should  be  included  in  BCYE.  Another  important  aspect  of 
media  development  relates  to  the  incorporation  of  chemotherapeutic  agents 
into  media.  It  is  clear  that  a  single  antibiotic  supplement  that  allows 
for  the  growth  of  all  known  Legionellae  may  not  be  found.  However,  various 
antibiotic  supplements  may  be  needed  to  insure  recovery  of  suspected 
organisms.  This  approach  may  assist  not  only  in  recovery  of  Legionellae 
but  in  the  differentiation  of  species. 
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V  TABLE  1.  Nomenclature  of  the  Legionellaceae  for  the  research  project. 
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1 
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1 
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1 
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FIGURE  1.  Protocol  for  tentative  identification  of  Legionellae 


Catalase  Positive,  Grain  Negative  Bacilli 
No  Growth  on  Blood  Agar,  Require  Cysteine  for  Growth 
Negative  Slide  Agglutination  for  Franclsella  tularensis 


I 

I  Appearance  of  Colonies  on  BCYE  Medium  Containing  BCP  i 

i -  1 

Deep  Blue  Coloration  at  72  Hours-Roora  Light  j  [ Others  1 

Red  Appearance  Under  Long  Wave  Ultraviolet  Light  | 

Legionella  (Tatlockia)  micdadel 

1 

_ i _ 


j  Fluorescence  Under  Long  Wave  Ultraviolet  Light 

i 

| _ (BCYE  Medium  Containing  BCP  and  ffTB) _ 


_  J _ 

Blue-White  or  White-Green  Fluorescence 

Yellow  or  Yellow-Green 

Legionella  (Fluoribacter)  bozemanii 

Extracellular  Fluorescence 

Legionella  (Fluoribacter)  dumoffii 

Legionella  lor  .beachae 

Legionella  (Fluoribacter)  gormanii 

! 

i 

|  Dull  Green  or  Yellow  Colonies 
|  Legionella  pneumophila 

I 

1  Legionella  iordanis 

;  Legionella  wadsworthii 
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TABLE  2.  Continued  characterization  of  Legionellae 


Legionella  (Tatlockla)  micdadei 

Browning  on  BYE  Agar  containing  Cystine  and  Tyrosine 
Growth  in  BYE  Broth  +  IX  NaCl 
Modified  Hippurate  Test 
Oxidase  Reaction 


-  Negative 

-  Negative 

-  Negative 

-  Variable 


Legionella  (Fluorlbactcr )  bozemanil 

Btowning  on  BYE  Agar  containing  Cystine  and  Tyrosine 

Growth  in  BYE  Broth  +  IX  NaCl 

Modified  Hippurate  Test 

Oxidase  Reaction 


-  Positive 

-  Negative 

-  Negate  ve 

-  Negative 


Legionella  (Fluoribacter )  dumoff ii 

Browning  on  BYE  Agar  containing  Cystine  and  Tyrosine 

Growth  in  BYE  Broth  +  IX  NaCl 

Modified  Hippurate  Test 

Oxidase  Reaction 


-  Variable 

-  Negative 

-  Negative 

-  Negative 


Legionella  (Fluoribacter )  gormanli 

Browning  on  BYE  Agar  containing  Cystine  and  Tyrosine 

(Extracellular 

Growth  in  BYE  Broth  +  IX  NaCl 
Modified  Hippurate  Test 
Oxidase  Reaction 


Positive 

Browning) 

Negative 

Negative 

Negative 


Legionella  pneumophila 

Browning  on  BYE  Agar  containing  Cystine  and  Tyrosine 

(Extracellular 

Growth  in  BYE  Broth  +  IX  NaCl 
Modified  Hippurate  Test 
Oxidase  Reaction 


Positive 

Browning) 

Positive 

Positive 

Variable 


Legionella  jordanis 

Browning  on  BYE  Agar  containing  Cystine  and  Tyrosine 
Growth  in  BYE  Broth  +  IX  NaCl 
Modified  Hippurate  Test 
Oxidase  Reaction 


-  Positive 

-  Negative 

-  Negative 

-  "“riable 


Legionella  wadsworthii 

Browning  on  3YE  Agar  containing  Cystine  and  Tyrosine 
Growth  in  BYE  Broth  +  IX  NaCl 
Modified  Hippurate  Test 
Oxidase  Reaction 


-  Variable 

-  Negative 

-  Negative 

-  Negative 


Legionella  longbeachae 

Browning  on  BYE  Agar  containing  Cystine  and  Tyrosine 
Growth  in  BYE  Broth  +  IX  NaCl 
Modified  Hippurate  Test 
Oxidase  Test 


-  Positive 

-  Positive 

-  Negative 
-  Weak  Positive 
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A  THREE-DIMENSIONAL  RADIATION  BOUND ART  CONDITION 


FOR  EC3QSCALE  NUhgRICAL  MODELS 

by 

Dr.  Keith  L.  Seltter 

ABSTRACT 

The  response  of  the  lateral  boundary  conditions  to  waves 
generated  during  the  geostrophii  adjustment  process  Is  Inves¬ 
tigated  In  a  three-dimensional  meso-beta  numerical  model  of 
the  atmosphere.  It  is  shown  that  the  reflective  nature  of 
specified  boundary  conditions  leads  to  significant  errors  even 
when  strong  damping  is  used  to  remove  wave  energy.  The  multi¬ 
dimensional  radiation  condition  of  Raymond  and  Kuo  (1984)  is 
Implemented  in  the  model  and  shown  to  allow  outward  propagation 
of  the  waves  without  reflection.  The  development  of  several 
routines  to  produce  computer  generated  graphics  of  the  model 
output  are  also  outlined. 


I.  INTRODUCTION 


Tha  Atmospheric  Prediction  Branch  (LTP)  of  Che  Air  fore*  Geophysics 
Laboratory  (A?GL)  ha a  racantly  received  a  version  of  tha  HOAA-EBX 
three-dimensional  neao-beta  cloud  and  precipitation  nodal  developed  by 
Nickerson^.  (In  thia  report,  tha  varaion  of  thia  nodal  bain*  uaed  at 
AfCL  will  be  referred  to  aa  HUMS.)  Tha  Air  ferca  haa  plana  to  uae  thia 
operationally  aa  a  meaoscale  nodal  which  nay  be  naatad  within  a  larger 
seala  neao-alpha  or  global  nodal.  Thia  requires  tha  improvement  of  tha 
boundary  condltiona  on  tha  aida  (lateral)  boundarlaa  of  tha  nodal. 

Since  theaa  lateral  boundarlea  do  not  exist  In  nature,  the  goal  of 
tha  boundary  condition  la  to  have  the  boundary  appear  aa  "open*  aa 
poaalble,  with  dlaturbancea  being  able  to  propagate  out  of  the  nodal 
donain  with  little  or  no  reflection  by  the  artificial  boundary.  Orlanakl? 
propoaed  a  Sonaerfeld  radiation  condition  which  waa  ahown  to  be  auperior 
to  other  formulations-* .  Raymond  and  Kuo*  developed  a  multi-dimensional 
radiation  condition.  Thia  radiation  condition  waa  ahown  to  be  wore 
accurate  than  the  Somnerfeld  condition  for  large  acale  and  neao-beta 
two-dimensional  models*,  and  Seitter5  >6  used  it  auccaaafully  in  a  two- 
dimensional  neso-gamma  model,  Utile  the  mathematical  fraaework  of  the 
condition  waa  extended  to  three  dlmenalona,  it  had  not  been  implemented 
in  a  three-dimenaional  model.  The  need  for  a  good  lateral  boundary 
condition  in  HARMS  and  the  apparent  auperiorlty  of  tha  Raymond  and  Kuo 
radiation  condition  made  the  teating  of  thia  condition  in  the  AFGL  model 
an  attractive  project  for  a  summer  faculty  research  appointment. 

II .  OBJECTIVES 

Prior  to  actual  testing  of  the  radiation  condition,  several 
preliminary  objectives  required  completion.  They  were: 

(1)  Creation  of  a  new  version  of  the  nodal  called  HULMSKSn  (where 
"n“  indicates  the  subversion)  which  haa  all  moist  processes 
removed . 

(2)  Development  of  software  to  allow  direct  graphical  output  of 
the  model  variable  fields. 

(3)  A  simulation  using  the  dry  model  with  the  original  boundary 
conditions  to  investigate  the  production  and  behavior  of 
wavea  generated  during  the  geoatrophic  adjustment  process. 
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The  following  objective*  relate  directly  to  the  impleaentation  end 
testing  of  the  radiation  condition: 

(4)  Development  of  the  nuaerical  code  for  the  radiation  condition 
which  la  consistent  with  the  finite  difference  and  tiae  scheaea 
of  the  aodel. 

(5)  Iapleaentation  of  the  debugged  code  in  the  dry  version  of  the 
aodel  and  a  simulation  using  the  saae  initial  conditions  as 
tha  run  with  the  original  boundary  conditions. 

(6)  Analysis  of  the  results  of  the  siaulations  to  determine  the 
nbility  of  the  radiation  condition  to  allow  outward  propagation 
of  waves  through  the  boundary. 

During  the  appointment  It  became  clear  that  a  further  objective  was  desirable: 

(7)  The  Investigation  of  the  geostrophlc  adjustment  process  itself 
in  the  numerical  aodel  and  how  the  space  discretization  and 
time  schemes  used  In  the  model  affect  the  adjustment  process. 

III.  COMPUTER  GENERATED  GRAPHICS  OF  MODEL  OUTPUT 

In  order  to  aid  in  the  interpretation  of  the  aodel  output,  several 
software  packages  were  developed  to  aake  use  of  the  NCAA  Graphics  Library. 

The  first  package  plots  a  skew-T  log-p  diagram  to  display  a  sounding  and 
also  plots  the  vertical  profiles  of  u  and  v  component  winds.  The 
geopotentlal  heights  of  the  mandatory  pressure  levels  are  plotted  on  the 
wind  profile.  An  example  of  the  output  from  this  routine  Is  shown  in 
Figure  1. 

In  order  to  view  change*  in  variables  with  tiae  or  differences 
between  model  predicted  variables  and  observation,  a  routine  which 
constructs  difference  (or  error)  profiles  was  written,  figure  2  shows  a 
typical  frame  from  this  routine,  which  allows  the  user  to  plot  one  to 
three  profiles  on  each  frame  for  eaca  of  six  different  verification 
variables. 

Figure  3  shows  the  output  of  a  routine  to  produce  three-dimensional 
perspective  views  of  complex  terrain.  A  fourth  routine  was  written  by 
adapting  an  existing  program  for  use  with  the  NCAA  graphics  library. 

This  program  produces  contours  plots  of  the  aodel  variables  or  vector 
plots  of  the  horizontal  winds  on  horizontal  aodel  or  constant  pressure 
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Figure  2.  Example  of  one  freae  froa  the  routine  to  plot 
difference  profiles. 


Figure  3.  Example  of  perspective  plot  of  coaplex  terrain  field 


lmli .  An  example  of  a  contour  plot  using  this  routine  is  shorn  In 
Figure  S. 

IV.  THE  H3DEL 

a.  HARM5  and  HARM5KS2 

The  basic  equations  and  aethod  of  solution  of  tha  WARM5  model 
are  described  in  detail  by  Nickerson1,  so  only  tha  aspsets  of  the  model 
of  immediate  Interest  to  this  project  will  be  presented  in  this  section. 

The  HARMS  model  is  a  three-dimensional  primitive  equation  hydro¬ 
static  model  which  is  written  in  a  modified  sigma-coordinate  system. 

The  horizontal  domain  is  500  km  X  500  km  with  a  grid  spacing  of  20  km 
in  both  directions.  In  tha  vertical,  the  model  uses  16  levels  to  cover 
the  region  from  the  surface  to  zero  pressure  with  the  modified  sigma- 
coordinate  packing  several  layers  in  the  surface  boundary  layer.  The 
variables  are  distributed  on  a  staggered  grid  as  described  by  Anthes 
and  Werner? . 

Time  integration  is  accomplished  by  the  leapfrog  scheme  with  a 
Tlme-and-Space-Uncentered  (TASU)  Matsunno  scheme  epplled  every  eighth 
and  ninth  time  step.  The  TASU  Matsunno  scheme  accomplishes  several 
tasks  in  the  model.  It  prohibits  the  tine-splitting  instability  assoc¬ 
iated  with  the  leapfrog  scheme,  helps  eliminate  TAX  noise  associated 
with  centered-only  differences,  and  is  highly  damping  of  high  frequency 
waves  generated  during  the  initial  geostrophic  adjustment.  One  negative 
aspect  of  the  TASU  Matsunno  scheme  is  that  it  is  a  two-step  scheme,  so 
each  time  step  requires  twice  the  computation  time  of  the  leapfrog 
scheme .  A  Shapiro  filter  la  applied  on  the  horizontal  velocity  vari¬ 
ables  after  each  time  step  to  eliminate  2AX  noise  in  the  wind  field1. 

It  can  be  shown  that  this  is  equivalent  to  using  an  explicit  diffusion 
with  an  eddy  viscosity  of  K  ■  1 .67  X  10®  m?/s,  so  this  filter  will  act  to 
damp  waves  of  all  frequencies. 

The  boundary  conditions  currently  in  WARM5  are  specified  values  of 
temperature,  mixing  ratio,  pressure,  and  precipitation  variables  on  all 
boundaries  and  specified  values  of  u  and  v  winds  on  inflow  lateral 
boundaries  with  extrapolation  on  outflow.  On  the  top  and  bottom  boundary 
u  ■  v  ■  0 .  The  specified  boundary  values  are  set  during  the  initialization 


128-7 


..>.vva' 


W*4.  V\»  sT. 


vv 


process  which  simply  uses  sa  Input  sounding  to  construct  s  horizontally 
homogeneous  atmosphere. 

Ths  modification  of  VMM,  csllsd  UUM5KS2,  hss  all  the  aoist 
processes  removed  from  HULK5 .  This  was  done  to  laprove  coaputation  speed 
(by  about  30Z)  and  because  the  tasting  of  the  lateral  boundary  conditions 
is  aore  straightforward  (with  no  loss  of  generality)  in  a  dry  nodal. 


b.  HULKS  KS  3 


In  HdtK5KS3,  the  original  lateral  boundary  conditions  of  WARMS KS 2 
are  replaced  with  the  aulti-diaanaiooal  radiation  condition.  The  details 
of  the  derivation  of  this  condition  are  given  by  Raymond  and  Kuo*. 

The  condition  may  be  written 

3p  a*  3p 


—  +  C,  —  +  C-  —  +  C,  —  « 
at  ax  3y  32 


(1) 


where  p  is  the  value  of  one  of  the  variables  on  the  boundary.  The 
coaponeut  phaaespeeda,  C*,  C j,  Ctt  are  computed  by  inverting  this  equaation 
and  evaluating  the  derivatives  at  the  previous  tiaestep,  one  grid 
point  interior  to  the  boundary*. 

In  the  current  study,  only  the  dynamic  variables  are  treated  with 
this  condition  while  the  thermodynamics  variable*  are  specified.  This  is 
motivated  by  the  work  of  Clark®  and  the  observations  of  Anthes  and  Warner? 
concerning  interior  velocity  errors  resulting  from  geostrophlcally  adjusted 
thermodynamic  boundary  value  errors.  The  actual  prognostic  variables 
used  in  the  aodel  which  correspond  to  the  dynamic  variables  are  tu,  tv, 
and  v,  where  v  is  the  time  and  space  dependant  surface  pressure.  Jbr  t, 
which  is  a  twc-diaenslonal  quantity,  (1)  is  used  without  the  z-coaponent. 
Also,  for  the  t  condition  the  inversion  of  (1)  is  accoaplished  at  the 
current  tiaestep  rather  than  the  previous  one.  Ibr  tu  and  tv  the 
vertical  derivative  3p/  3z  is  evaluated  as  g3p/3p  where  p  is  the 
geopotentiel  calculated  in  the  aodel. 

In  all  cases  the  phese  speeds  calculated  are  forced  to  satisfy  the 
Courant-Priedrichs-Levy  condition®.  Pbr  the  component  perpendicular  to 
the  boundary,  C  la  set  to  zero  if  the  calculated  value  of  phasespeed 
indicates  Inflow.  Note  that  because  the  C's  are  phase  speeds,  the 
condition  allows  the  outward  propagation  of  a  disturbance  through  a 
boundary  with  inflow  winds. 


128-8 


The  numerical  code  la  written  Co  be  consistent  with  tha  TASU  Mattunno 
achaaa  oa  Choaa  claaatapa  la  which  It  la  uaad  and  leap-frog  oa  tha  othar 
tlmestepe.  Tha  coda  vaa  written  la  aa  easily  modifiable  form  for  thla 
taatlng  procedure  with  tha  knowledge  that  It  could  be  made  more  computa¬ 
tionally  efficient. 

V.  THE  CZOSTKOPHIC  ADJUSTMENT  PROCESS 

Tha  radiative  boundary  condition  la  formulated  to  allow  wave  motlona 
generated  in  the  model  to  exit  the  domain  with  little  or  no  reflection . 
Thla  motivatea  aome  diacuaaion  of  the  machaniam  which  ganeratea  these 
waves  •  The  atmosphere  tends  to  maintain  itaelf  in  a  atate  of  gaoatrophic 
(or  more  correctly  gradient)  balance.  If  a  perturbation  disrupts  thla 
balanced  state,  the  atmosphere  returns  to  balance  via  a  mechanism  referred 
to  aa  geostrophlc  adjustment .  The  means  of  accomplishing  this  depends  on 
the  scale  of  the  disturbance,  lbr  the  smaller  scales  of  motion  of  concern 
here,  the  adjustment  process  proceeds  by  the  generation  of  high  frequency 
external  inertial-gravity  waves  (which  will  be  called  external  waves) 
and  low  frequency  Internal  inertial-gravity  waves  (which  will  be  called 
gravity  waves) .  These  waves  propagate  away  from  the  disturbance  leaving 
a  balanced  state  behind8 . 

The  HARMS  model  is  Initialised  with  horizontally  homogeneous 
conditions  which  are  in  balance  only  if  the  winds  are  identically  zero 
and  the  terrain  is  flat.  This  is  the  trivial  case  since  there  would 
be  no  evolution  in  time  except  by  vertical  diffusion,  fbr  all  other 
cares,  the  model  will  immediately  generate  waves  at  the  start  of  the 
integration  which  will  act  to  bring  the  model  into  balance. 

The  specif led  boundary  conditions  used  in  MARKS  are,  however, 
purely  reflective  to  the  waves.  Therefore,  without  some  mechanism  of 
removing  wave  energy,  the  model  would  'slosh”  around  without  ever 
obtaining  a  balanced  state.  The  TASU  Matsunno  time  scheme  is  used  in 
MASKS  because  it  damps  the  external  wave  and  is  meant  to  remove  it 
quickly.  The  Shapiro  filter  tends  to  damp  the  meteorologically  impor¬ 
tant  gravity  waves  as  well  ss  the  external  wave  so  that  the  model  can 
approach  geostrophlc  balance.  This  is  a  serious  drawback  of  the  Shapiro 
filter  because  several  mesoscale  phenomena  are  a  result  of  gravity  waves 
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(■uch  as  mountain  lea  waves  and  wave  Initiated  clouds)  and  this  filter 
prohibits  the  proper  evolution  and  propagation  of  these  waves  . 

The  attractive  feature  of  the  radiative  boundary  condition  Is  that 
it  allows  the  waves  generated  during  the  adjustment  process  to  exit  the 
domain,  leaving  the  balanced  state  behind,  without  requiring  etrong  damp¬ 
ing  characteristics .  This  should  result  in  a  more  natural  adjustment  pro¬ 
cess  and  allow  the  removal  of  the  Shapiro  filter  and  the  replacement  of 
the  TASU  Katsunno  scheme  with  one  which  is  more  computationally  efficient  . 

VI.  RESULTS  OF  THE  BOUNDARY  CONDITION  TESTS 

a.  Initial  Conditions 

Fbr  the  boundary  condition  tests,  the  model  was  run  with  a  flat 
surface  terrain  located  at  sea- level.  The  initial  temperature  structure 
was  Che  U .S .  Standard  Atmosphere  sounding  shown  in  Figure  4 .  The  initial 
atmosphere  was  horizontally  homogeneous  and  the  winds  were  identically 
zero  in  the  domain.  Thus,  the  initial  conditions  were  in  perfect  geo- 
strophlc  balance. 

In  order  to  generate  a  distrubance,  an  oblate  ellipsoid  temperature 
perturbation  was  added  gradually  during  the  first  20  min.  This  warm 
bubble  was  200  km  in  diameter  horizontally  and  about  5  km  deep,  centered 
at  about  700  mb.  The  maximum  temperature  at  the  center  reached  about 
3.0*C  above  the  environment.  During  the  growth  of  the  bubble,  the  pressure 
was  modified  hydrostatically  to  a  maximum  pressure  perturbation  of  about 
-2.0  mb,  as  shown  in  Figure  5,  and  vertical  velocities  and  horizontal 
winds  were  generated.  At  20  min,  the  warm  bubble  was  instantaneously 
removed,  leaving  the  fields  out  of  balance  and  initiating  the  geostrophlc 
adjustment  process. 

b.  Results  with  the  Original  Boundary  Conditions  ( WRM5KS2) 

A  4  hr  simulation  was  made  with  the  initial  perturbation  located 
in  the  center  of  the  domain  as  shown  in  Figure  5 .  The  high  frequency 
external  wave  generated  during  the  adjustment  process  is  most  easily 
identified  in  the  surface  perturbation  pressure.  Figure  6  shows  the 
wave  at  T  -  40  min  propagating  radially  outward  from  the  center. 
Theoretically,  the  external  wave  should  have  a  phase  speed  of  about 
300  m/s,  but  in  the  model  its  speed  is  about  100  m/s  due  to  the  phase 
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•rror  associated  with  tha  leapfrog  scheme*.  As  anticipated,  eha  wave 
experiences  Multiple  reflections  off  the  boundary  which  Interfere  to 
produce  complicated  pressure  patterns  during  the  integration.  Figure  7 
shows  the  pressure  field  et  T  ■  80  ala. 

Even  though  the  TASU  Matsunno  scheme  daaps  the  waves,  corstructlve 
Interference  can  produce  a  substantial  perturbation  pressure  at  tines. 

Par  instance,  at  T  »  80  ain  the  maximum  perturbation  pressure  is  0.44  ab. 
By  T  ■  160  ain  it  has  been  reduced  to  0.10  ab,  but  at  T  ■  180  ain  the 
waves  lnterfsrs  to  give  a  aaxlaua  perturbation  pressure  of  0.28  ab.  This 
Indicates  that  significant  arrors,  perhaps  15Z  to  20Z  of  the  initial 
error,  could  be  present  in  an  operational  forecast  well  beyond  2  hr  of 
simulated  tlae. 

The  slow  moving  internal  gravity  wave  is  most  easily  traced  in  the 
aodel  level  9(~  730  mb)  vertical  velocity.  At  T  ■  20  min,  the  vertical 
velocity  is  3.9  cat/ s  at  the  center  of  the  warm  bubble.  This  wave  propa- 
gataa  outward  with  an  initial  speed  of  about  27  a/s,  but  slows  as  it 
approaches  the  boundary.  Significant  damping  occurs  with  the  vertical 
velocity  in  the  crest  being  reduced  to  0.26  ca/s  by  T  -  120  min.  The 
small  amplitude  of  the  wave  in  the  later  stages  of  tha  integration  makes 
analysis  of  possible  boundary  reflection  difficult. 

In  order  to  investigate  the  damping  caused  by  the  Shapiro  filter, 
the  root-mean-square  horizontal  end  vertical  velocities  were  calculated 
every  5  ain.  A  plot  of  these  quantities  versus  time  is  shown  in  Figure  8. 
As  can  be  seen,  they  decay  exponentially  after  the  initial  buildup  of  the 
perturbation.  An  exponential  curve  was  fit  by  least  squares  to  the  r.m.s. 
horizontal  velocity  from  T  -  25  ain  to  T  »  2  hr,  and  the  decay  rate  was 
calculated.  This  can  be  related  to  the  equivalent  diffusion  of  the 
Shapiro  filter  by  assuming  the  diffusion  is  linear  and  that  the  dominant 
wave  is  the  first  normal  mode  of  tha  domain  (L  ■  500  km) .  Then  the  decay 
rate  corresponds  to  an  eddy  viscosity  of  K  -  1.66  X  106  m^/s,  which  is 
almost  exactly  the  value  corresponding  to  the  Shapiro  filter. 

Another  4  hr  simulation  was  conducted  with  the  perturbation  located 
100  km  west  of  the  center.  The  surface  perturbation  pressure  at  T  *  80  min 
is  shorn  in  Figure  9.  Comparison  with  Figure  7  shows  that  the  off-center 
location  on  the  Initial  disturbance  resulted  in  a  lass  symmetric  wave 
pattern  and  a  very  different  interference  pattern.  This  simulation  shows 
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figure  8.  Root-mean-square  horizontal  valoclty  (eolld)  and 
vertical  velocity  (deehed). 


figure  9.  Aa  In  Figure  7  but  for  the  WRM5KS2  simulation  which 
used  the  off-center  disturbance. 
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that  th«  error  distribution  Is  determined  by  the  position  of  the  disturb¬ 
ance  relative  to  the  boundaries .  This  Is  purely  e  result  of  the  reflec¬ 
tive  nature  of  the  boundary  conditions.  Another  point  concerning  this 
simulation  le  that  the  phase  speed  of  the  gravity  wave  propagating  toward 
the  east  boundary  is  not  retarded  as  quickly  as  In  the  previous  simulation. 
This  suggests  that  the  boundary,  which  is  further  froa  the  disturbance  In 
this  case;  may  play  a  role  In  altering  the  phase  speed. 

c.  Results  with  the  ltilti-dlsensional  Radiation  Condition  ( WWLM5KS3) 
Tins  constraints  permitted  only  one  4  hr  simulation  using  the 
model  with  the  radiation  boundary  condition.  The  initial  conditions  were 
identical  to  those  used  for  the  centered  disturbance  case  of  WARM5KS2 . 

Hence,  the  T  •  20  min  surface  perturbation  pressure  was  identical  to 
Figure  5. 

Unfortunately,  a  coding  error  which  could  not  be  detected  in  the 
10  min  debugging  runs  resulted  in  an  instability  in  the  surface  pressure 
at  the  northeast  and  northwest  corner  points .  This  instability  did  not 
result  In  noticeable  errors  until  about  T  -  60  min  and  did  not  significantly 
Influence  the  surrounding  points  until  after  T  ■  80  min.  It  did,  however. 
Influence  the  horizontal  velocities  enough  to  make  the  rm.s.  velocity 
calculations  useless . 

The  first  80  min  of  this  simulation  can  be  used  to  show  the  properties 
of  the  radiation  condition  for  the  fast  external  wave.  The  slower  internal 
wave  does  not  reach  the  boundary  before  the  corner  instability  destroys  che 
solution.  Figure  10  shows  the  surface  perturbation  pressure  at  T  ■  40  min. 
Us  would  expect  a  nearly  circular  wave  for  this  syametrlc  disturbance  and 
comparison  with  Figure  6  shows  that  the  wave  is  more  circular  when  the 
radiation  condition  is  used .  The  north  and  south  boundaries  appear  to  be 
more  noisy  than  the  east  and  vest  boundaries.  This  may  be  because  the 
*K>del  treats  east-west  slabs  individually,  and  a  more  complicated  formula- 
la  required  to  calculate  the  needed  differences  across  slabs.  There  may 
still  be  some  inconsistencies  in  the  numerical  code  on  these  boundaries . 

Figure  11  shows  the  pressure  field  at  T  -  80  min.  Comparison  with 
Figure  7  shows  that  the  boundary  allowed  the  wave  to  exit  the  domain 
without  reflection.  This  is  especially  evident  if  we  concentrate  on  the 
east  and  vest  boundaries.  In  Figure  11,  the  HE  and  NW  corner  points  are 
artificially  zeroed  in  order  to  allow  the  plot  to  nse  the  same  contour 
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interval  as  in  Figure  7.  The  errors  on  these  points  at  this  tins  are 
about  0.8  ab. 

The  boundary  noise  evident  in  Figure  11 ,  even  on  the  east  and  west 
boundaries,  could  be  caused  by  several  factors.  A  very  likely  candidate 
is  the  switch  from  leapfrog  to  TASU  Matsunno  tiaa  stepping  scheaes  every 
eighth  and  ninth  tlaesteps .  The  boundary  condition  uses  inforaation  froa 
preceding  tlaesteps  in  tha  calculation  of  the  phaseapeeds  and  there  is  a 
problea  in  this  calculation  when  the  tiae  scheae  changes.  Printouts  of 
the  calculated  phasespeeds  show  a  discontinuity  every  tenth  tiae  step  (on 
the  first  leapfrog  step  after  the  two  TASU  Matsunno  steps) . 

VII .  CONCLUSIONS 

Despite  nuaerical  probleas  with  the  UARM5KS3  simulation,  the  ability 
of  the  aultl-dlaensional  radiation  condition  to  allow  waves  to  exit  the 
doaaln  without  reflection  has  been  demonstrated .  The  length  of  the 
appointaent  and  the  turn-around  tiae  required  for  simulations  longer  than 
10  aln  prohibited  carrying  this  project  to  a  more  fruitful  coapletlon. 
There  are,  however,  several  other  points  which  are  clear: 

(1)  The  current  boundary  conditions  are  Inadequate  if  the  initial 
Inbalance  la  not  very  saall  or  if  any  rapid  changes  occur 
during  the  aodel  integration. 

(2)  A  study  of  the  geostrophic  adjustment  process  in  the  aodel 
is  necessary  to  determine  the  ability  of  the  aodel  to 
balance  a  more  realistic  Initial  state  and  the  tiae  required 
for  this  balance .  Useful  predictive  inforaation  is  avail¬ 
able  only  after  the  balance  is  coaplete,  so  an  understanding 
of  this  process  is  essential  for  operational  use  of  the  aodel. 

(3)  The  Shapiro  filter  results  in  excessive  diffusion  of  the 
horizontal  velocities .  The  strong  d taping  may  be  necessary 
to  reach  balance  using  the  current  boundary  conditions  since 
it  removes  wave  energy,  but  it  prohibits  proper  evolution 

of  the  meteorologically  important  Internal  inertial-gravity 
waves  and  may  cause  unrealistic  smoothing  of  the  wind  fields . 


VIII .  RECOMMENDATION'S 


Clven  Che  conclusions  which  may  be  drawn  from  Che  resulcs  of  chls 
study,  che  following  recommendations  can  be  aade: 

(1)  Continue  work  with  Che  radiation  condition  to 
produce  a  useful  boundary  condition  free  froa  the 
numerical  problems  evident  in  this  study.  Remove 
the  Shapiro  filter  and  TASU  Matsunno  time  scheme 
since  these  should  not  be  needed  when  the  radiation 
condition  is  used.  To  control  time  splitting, 
incorporate  a  time  filter  such  as  the  Aaselin 
filter®.  To  control  noise,  use  an  explicit  eddy 
diffusion  with  a  reasonable  value  for  the  eddy 
viscosity  (the  code  for  this  diffusion  is  already 
in  the  model  with  the  viscosity  set  to  zero)  . 

(2)  Study  further  the  geostrophic  adjustment  process  in 
the  model .  One  part  of  this  study  should  use  the 
current  model  to  investigate  the  adjustment  through 
the  removal  of  wave  energy  by  damping .  Another 
should  use  the  improved  radiation  condition  model 
of  recommendation  (1)  to  study  the  adjustment 
through  the  removal  of  wave  energy  by  outward 
radiation.  Theoretical  work  should  also  be  carried 
out  on  the  effect  of  the  finite  difference  and  time 
schemes  on  the  adjustment  process.  This  study 
should  strive  to  determine  how  long  the  adjustment 
process  takes  in  the  model  and  at  what  time  useful 
predictive  Information  can  be  obtained. 
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CALCULATION  OF  ENHANCED  HEATING  IN  TUR8ULENT 


BQiJNOARY  LAYERS  INFLUENCED  BY  FREE  STREAM  TURBULENCE 

oy 

Paavo  Seprl  and  Jon  L.  Ebert 
ABSTRACT 


A  preliminary  phenomenological  computational  model  has  been  fonwlated 
and  implemented  for  the  purpose  of  predicting  increased  heating  in  boundary 
layer  environments  which  are  influenced  by  free  stream  turbulence.  The 
model  has  been  constructed  primarily  by  scrutiny  of  recently  published 
extensive  flow  measurements  over  heated  flat  plates,  and  It  is  also 
supported  partially  by  analytical  considerations.  The  mixing  length  model 
existing  In  the  code  STANCQOL  has  been  modified  to  incorporate  these  free 
stream  turbulence  effects.  The  comparisons  between  measurements  and 
calculations  generally  show  improvenent,  but  certain  discrepancies  are 
noted  which  require  further  investigation.  An  apparently  novel 
observation  is  made  concerning  the  structure  of  much  of  the  outer  region  of 
a  turbulert  boundary  layer  in  the  presence  of  higher  levels  of  free  stream 
turbulence.  Several  variables  follow  a  simple  exponential  character  which 
may  be  of  fundamental  importance.  This  observation  Is  used  to  lend 
credence  to  the  computational  model,  but  it  also  raises  an  apparent  dilemma 
involving  the  energy  equation.  A  central  role  In  these  calculations  Is 
played  by  the  turbulent  Prandtl  number  profile,  the  modeling  of  wnlch 
determines  quantitatively  the  heating  of  a  surface.  Comments  are  offered 
In  connection  with  possible  channel  flow  effects  on  measurements  of  Pr* 
which  Indicate  large  decreases  towards  the  free  stream. 
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I.  INTRODUCTION 

In  the  design  of  modern  turbines  it  Is  becoming  increasingly  Important 
to  have  a  computational  tool  which  can  predict  blade  heating  environments 
accurately  and  cost-effectively.  The  subject  Is  sensitive  owing  to 
conflicting  requirements;  namely,  improved  engine  performance  is  connected 
with  increased  gas  temperature,  whereas  increased  blade  lifetime  requires  a 
lowered  blade  temperature.  Since  a  blade  typically  operates  near  its 
structural  limit,  it  is  estimated  that  a  decrease  of  only  30°  F  could 
double  its  lifetime*.  Current  methods  of  blade  cooling,  such  as 
transpiration  and/or  internal  flow,  are  also  limited  by  their  adverse 
effects  on  overall  engine  efficiency.  Coolant  flow  rates  are  essentially 
limited  by  the  allowable  pressure  differential  along  the  passages.  In  view 
of  these  restrictions  in  design,  it  Is  important  to  have  accurate  means  of 
calculating  the  associated  blade  heat  transfers. 

Any  attempt  to  calculate  the  flow  environment  around  the  blades  Is 
hindered  by  the  compounded  complexity  of  the  actual  case,  and  also  by  the 
fact  that  turbulence  remains  an  unsolved  problem  in  general.  Therefore, 
for  this  short  Investigation,  an  attempt  is  made  to  focus  on  a  simplified 
problem,  which  retains  some  of  the  essential  phenomena  of  the  actual 
problem.  The  investigation  is  thus  restricted  to  turbulent  flow  over  a  2D 
flat  plate  which  is  heated  so  as  to  yield  heat  flux  information.  This 
restriction  is  particularly  relevant  from  the  computational  viewpoint, 
owing  to  the  recent  publication  of  extensive  experimental  results  for  this 
case  by  Blair2*8. 

One  of  the  important  effects,  which  Influence  heat  transfer  to  a 
surface,  is  the  presence  of  free  stream  turbulence  (FST)  external  to  the 
boundary  layer.  Although  this  subject  has  received  considerable  attention 


In  the  past^"*6»  there  appear  to  be  conflicting  claims**  and  an  Incomplete 
understanding,  especially  for  the  regime  of  higher  FST  levels  encounttred 
by  turbine  blades.  It  has  been  one  of  the  goals  of  the  recent  Investiga¬ 
tions  by  Blair2,  Bradshaw**,  and  Hancock*6  to  clarify  experimentally  the 
extent  of  augmented  heating  In  the  presence  of  Increased  FST. 

In  an  Investigation  prior  to  the  present  one,  MacArthur*  has  applied 
a  recent  version  of  the  widely  used  code  STAN5*^  to  assess  the  extent  of 
predictability  of  FST  effects  In  turbulent  heating,  as  compared  with  the 
measurements  o'  Blair.  The  results  were  mixed:  although  some  cases  agreed 
well,  and  several  trends  were  generally  followed.  It  was  apparent  that  the 
code  neither  reliably  nor  accurately  predicted  the  location  and  extent  of 
transition  nor  the  observed  Increase  In  heating  In  a  fully  turbulent 
boundary  layer  modified  by  increased  FST  levels.  This  code,  named 
STANCOOL,  has  several  model  options  for  calculating  transition  and  also  the 
structure  of  a  turbulent  boundary  layer.  Although  one  might  have  expected 
the  inclusion  of  a  turbulence  kinetic  energy  equation  into  the  model  to 
have  produced  better  results  than  the  simpler  mixing  length  model,  both 
calculations  agreed  with  each  other  better  than  with  the  data  in  several 
cases.  These  results  have  pointed  to  the  need  for  improved  computational 
capability. 

The  present  investigation  is  meant  to  be  In  continuation  of  the  effort 
by  MacArthur,  with  the  overall  aim  of  understanding  the  effect  of  FST  in 
the  augmentation  of  turbulent  heat  transfer.  This  Investigation  focuses  on 
the  case  of  turbulent  flw  over  a  flat  plate  and  the  method  of  modifying 
STANCOOL  so  as  to  produce  better  agreement  with  the  recent  measurements  by 
Blair. 
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II.  OBJECTIVES 

It  is  appropriate  to  make  a  distinction  between  two  types  of 
objectives:  long  range  and  Immediate.  Clearly,  the  long  range  objectives 
are  beyond  the  scope  of  the  present  investigation  because  the  actual 
problems  of  Interest  are  exceedingly  complex,  with  various  aspects  having 
been  subjected  to  considerable  attention  for  several  decades.  Nevertheless 
for  the  sake  of  perspective,  one  might  nominate  two  long  range  objectives. 
The  practical  objective  involves  the  attainment  of  a  computational 
capability  which  predicts  heating  and  flow  conditions  in  the  real  turbine 
blade  environment  both  accurately  and  cost-effectively.  An  objective  from 
the  more  philosophical  viewpoint,  but  with  practical  consequences,  is  the 
Increased  understanding  of  the  mechanisms  and  structure  of  turbulent  shear 
flows. 

For  the  present  Investigation  the  immediate  objectives  are  restricted 
to  the  following: 

(1)  To  achieve  a  working  understanding  of  the  existing  code,  STANCOOL, 
which  is  meant  to  calculate  boundary  layer  development  and  heating 
in  flow  situations  similar  to  those  in  turbine  blade  environments. 

(2)  To  become  familiar  with  literature  pertaining  to  the  effects  of  free 
stream  turbulence  on  heating  augmentation,  in  particular  the  recent 
extensive  experimental  works  by  Blair. 

(3)  To  formulate  a  preliminary  turbulence  model  which  incorporates  the 
effects  of  FST  into  STANCOOL  in  an  improved  fashion. 

(4)  To  compare  results  of  the  modified  code  with  Blair's  data. 

(5)  To  recommend  continued  investigations  in  light  of  the  present 
findings. 

By  means  of  these  fundamental  investigations,  it  is  anticipated  that 
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more  accurate  and  reliable  codes  will  eventually  be  at  hand. 

III.  PROBLEM  DESCRIPTION 

In  order  to  meet  the  objectives  listed  In  the  previous  section,  the 
method  of  attack  has  consisted  of  four  phases.  First,  Blair's  data  have 
been  logged  Into  computer  storage  for  the  purposes  of  plotting,  scrutiny, 
and  eventual  comparison  with  computations.  Second,  detailed  profile  data 
have  been  compared  with  corresponding  profiles  obtained  from  STANCOOL, 
utilizing  the  mixing  length  model  for  computations.  These  comparisons  have 
revealed  possible  causes  for  the  earlier  discrepancies*  noted  for  Stanton 
number,  which  may  be  viewed  as  an  integrated  effect.  Third,  a  modification 
of  the  turbulence  model  Is  being  proposed  on  the  basis  of  these  comparisons 
and  on  the  basis  of  earlier  observations  by  Miyazaki  and  Sparrow9  and  Belov 
et  al.10.  Last,  a  comparison  Is  made  between  Blair's  data  and  the  results 
of  the  new  model. 

A  full  description  of  the  configuration  and  the  physical  parameters  Is 
given  In  Blair's  reports2-®,  and  earlier  computations  using  STANCOOL  have 
been  described  by  MacArthur*.  The  latest  documentation  available  for  the 
use  of  STANCOOL  Is  given  In  Reference  17.  Briefly,  the  measurements  were 
made  In  a  recirculating  wind  tunnel  over  a  heated  flat  plate  with  a  mean 
external  velocity  of  100  ft/sec.  Typical  mean  temperature  differences 
between  the  wall  and  the  free  stream  were  In  the  range  10°F  to  40°F.  The 
free  stream  turbulence  level  was  varied  by  means  of  Insertion  of  5 
different  grid  configurations  upstream  of  the  tunnel  contraction  section. 
The  streamwlse  decay  of  FST  Intensity  was  In  accord  with  those  of  previous 
grid  generated  experiments,  and  the  intensity  ranged  approximately  from 
0.25%  to  7%.  Measurements  Included  wall  temperature  distributions,  wall 
heat  fluxes,  profiles  of  mean  velocity  and  mean  temperature,  and  profiles 
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of  various  turbulence  correlations  at  selected  downstream  locations. 

In  Figure  1  are  Illustrated  the  variations  of  Stanton  number  and  skin 
friction  coefficient  with  changes  in  Reynolds  number  and  FST  parametrical¬ 
ly.  FST  is  seen  to  influence  the  results  in  two  ways:  (I)  the  location  of 
transition  moves  upstream  dramatically  with  Increasing  FST,  and  (2)  both  Sf 
and  Cf  Increase  In  the  fully  turbulent  boundary  layer  as  FST  increases. 

In  fact,  the  results  have  shown1*  that  the  Reynolds  analogy  factor,  2Sf/Cf, 
increases  with  FST,  indicating  that  the  heating  is  proportionately  more 
sensitive  to  FST  than  Is  the  skin  friction  coefficient.  This  observation 
is  particularly  important  for  turbine  blade  cases  because  these  may  occur 
at  higher  levels  of  FST  (perhaps  20%)  than  have  been  measured  in  simula¬ 
tions.  Blair's  data  for  St  are  more  extensive  and  exhibit  less  scatter 
than  those  for  Cf.  Therefore,  the  St  data  provide  a  better  basis  for 
comparison  with  computations.  The  solid  lines  in  Figure  I  represent 
results  from  STANC00L  utilizing  the  pre-existing  mixing  length  model.  The 
predictions  of  transition  location  are  not  adequate,  although  it  Is 
Important  to  note*  that  the  experimental  transition  for  grid  configuration 
0  (least  FST)  was  prematurely  effected  owing  to  3D  corner  flow  effects,  and 
that  the  extreme  mismatch  with  calculations  in  this  case  should  be 
discounted.  Since  the  pre-existing  mixing  length  model  provides  no 
mechanism  for  FST  effects,  the  increase  of  Sf  and  Cf  in  the  fully  turbulent 
region  is  clearly  not  followed  by  the  computations.  During  the  ten  week 
summer  period  of  investigation,  the  focus  has  been  restricted  to  the 
structure  of  the  fully  turbulent  boundary  layer. 

Since  Sf  and  Cf  are  evaluated  at  the  solid  boundary  only,  they  possi¬ 
bly  represent  symptoms  of  more  pervasive  phenomena  occurlng  throughout  the 
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boundary  layer  structure.  In  an  effort  to  improve  the  understanding  of 
underlying  causes,  a  comparison  of  mea  profiles  was  made.  In  Figure  2  are 
sample  coirparisons  between  computed  and  measured  mean  profiles  at  down¬ 
stream  location  x  *  84  in.  with  grid  configuration  4  (greatest  FST).  For 
this  extreme  case  it  Is  evident  that  the  existing  mixing  length  model  does 
not  match  the  u  profile  In  the  center  of  the  boundary  layer,  although  the 
match  near  the  wall  appers  to  be  better.  However,  the  wall  region  is 
better  shown  in  a  logarithmic  format  since  the  variations  there  are 
extremely  rapid.  Similar  comparisons  of  u  in  cases  of  weaker  FST  show  much 
better  agreement,  indicating  that  FST  has  a  marked  effect  on  boundary  layer 
structure. 

Lastly,  in  the  comparison  of  profiles,  it  is  Important  to  Illustrate 
the  effect  of  FST  on  the  Reynolds  stress  term  u'vv,  and  on  the  turbulent 
heat  transfer  term,  v'T' .  These  terms  need  to  be  modeled  correctly,  so 
that  the  ensuing  computations  of  IT  and  T  produce  the  correct  results  for 
skin  friction  and  wall  heating  respectively.  In  Figure  2  it  is  seen  that 
the  mixing  length  hypothesis  does  not  produce  an  adequate  characterization 
of  the  Reynolds  stress  profile.  In  fact,  the  mismatch  becomes  worse  as  the 
FST  increases.  The  experiments  clearly  indicate  that  values  for  u'v'  and 
v'T'  are  increased  towards  the  boundary  layer  edge  and  are  decreased 
towards  the  wall  in  comparison  to  the  model.  Later  results  herein  will 
show  that  the  characteristics  of  turbulence  decay  into  the  free  stream  are 
severely  altered  by  the  presence  of  FST. 

The  aven  e  for  an  improved  computation  scheme  then  becomes  more 
apparent.  FST  effects  need  to  be  accurately  Incorporated  into  the  u' v' 
and  v'T'  descriptions.  Subsequent  computations  of  IT,  T,  St  and  Cf  should 
then  reflect  better  matches  with  the  corresponding  data.  This  point  should 
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be  valid  regardless  of  the  complexity  of  the  computational  method,  such  as 
inclusion  of  higher  order  turbulence  equations.  An  improvement  in  terms  of 
a  modified  mixing  length  model  is  attempted  in  the  next  section. 

IV.  MODELING  OF  FREE  STREAM  TURBULENCE 

A  rational  and  consistent  model  for  u'v'  and  v'T'  Is  difficult  to 
construct.  Every  model  based  on  the  equations  of  motion,  regardless  of 
complexity,  requires  a  set  of  closure  assumptions.  In  past  investigations 
it  has  occurred  that  even  the  mast  refined  and  time  consuming  approaches 
have  lead  to  results  that  have  failed  to  produce  Improved  predictions.  The 
approach  taken  here  has  been  to  scrutinize  Blair's  data  in  order  to 
appreciate  the  actual  effects  of  FST,  and  then  to  formulate  a  simple  model 
which  contains  the  observed  effects.  By  variations  of  the  model 
parameters,  important  Interplays  in  the  equations  of  motion  are 
highlighted,  thereby  Indicating  directions  for  continued  and  more  accurate 
modeling. 

The  initial  observation  has  been  that  the  mixing  length  model  fails  to 
capture  the  essence  of  Coles'  wake  region*®  as  the  FST  Increases. 
Furthermore,  as  is  evident  from  Figure  2,  the  turbulence  structure  extends 
into  the  free  stream  far  beyond  the  usual  definition  of  the  boundary  layer 
edge,  5.  This  observation  has  also  been  made  in  References  19-22.  How¬ 
ever  the  extent  to  which  the  outer  structure  influences  the  wall  region  Is 
not  clear,  and  needs  to  be  assessed.  In  studying  the  effect  of  FST  on 
heating  at  the  stagnation  point  of  a  cylinder,  Miyazaki  and  Sparrow^  pro¬ 
posed  the  following  extention  to  the  mixing  length  model: 


u'v-  =**  lf^  *  *u,Ie(f>£  -  u-.v-e  (y/O* 
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where  the  first  term  on  the  right  Is  the  usual  mixing  length  model9  and  the 
second  two  terms  represent  the  additional  effects  of  FST.  Here,  Ie  Is  the 
turbulence  intensity  external  to  the  boundary  layer.  The  coefficient.  A, 
is  the  sole  parameter  that  may  be  adjusted  to  match  data.  Miyazaki  and 
Sparrow  claim  that  the  inspiration  for  their  model  originated  from  the 
experimental  work  of  Belov  et  al.10,  who  observed  that  the  r.m.s.  fluctua¬ 
tion  profile  in  the  absence  of  FST  was  augumented  1r.  a  linear  fashion  by 


the  presence  of  FST. 

Equation  (1)  appeared  to  be  a  reasonable  starting  point  for  the 
present  investigation,  especially  since  the  measurements  of  Belov  et  al. 
were  conducted  over  a  flat  plate,  and  also  because  the  modification  of 
STANCOOL  would  be  particularly  simple.  The  mixing  length  model  was  changed 
to: 


(2) 


where  em  *  ||y|  +  A*ue  Ie  (y/5) 

This  change  in  the  code  produced  a  significant,  but  limited,  improve¬ 
ment.  Now,  several  correct  trends  were  introduced  which  were  absent 
earlier:  St  and  Cf  increased  with  Ie;  the  u  and  T  profiles  became  fuller 
and  matched  Blair's  data  better;  and  the  u"v'  and  v'T'  profiles  extended 
into  the  free  stream  at  an  improved  rate.  However,  inconsistencies  also 
appeared.  With  only  one  free  parameter.  A,  it  was  not  possible  to  match 
the  variety  of  comparisons  simultaneously.  In  particular: 

(1)  With  a  good  u'v'  match,  the  u  comparison  with  data  was  noticeably 
inadequate,  although  improved  over  the  previous  model;  and 
vice-versa. 
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(2)  The  5^  and  Cf  predictions  required  different  values  for  A  than  did  the 
mean  profiles. 

(3)  The  slope  of  and  Cf  vs.  Rex  did  not  agree  with  the  data  for  a 
constant  value  for  A. 

In  an  attempt  to  Improve  the  Miyazaki  and  Sparrow  model,  Blair's 
data  were  replotted  In  several  variations,  one  of  which  was  a 
semi  logarithmic  version  of  the  velocity  defect,  as  exemplified  in  Figure  3. 
It  is  striking  that  the  mean  velocity  defect  appears  to  ts  well 
characterized  by  an  exponential  behavior  for  approximately  the  outer  80S  of 
the  boundary  layer.  Since  this  observation  appears  to  be  new  in  the 
literature,  and  since  profound  deductions  might  be  connected  with  it,  the 
issue  was  pursued  further.  The  present  conclusions  are  summarized  as 
follows: 

(1)  The  exponential  character  d*>es  not  occur  for  lower  levels  of  FST  (<3t) 
as  seen  from  Blair's  data,  in  which  cases  the  free  stream  levels  are 
approached  more  rapidly. 

(2)  It  is  suspected  that  the  exponential  character  is  approached  as  a 
limiting  form  for  sufficiently  high  FST  (>4S  here),  and  that  this  form 
may  hold  for  all  higher  levels  of  FST. 

(3)  The  mean  temperature  behavior  has  an  exponential  character  which 
appears  Identical  to  that  of  the  mean  velocity. 

(4)  A  short  distance  downstream  of  the  leading  edge  (*2  ft),  the  velocity 
and  temperature  profiles  become  self-preserving  to  an  excellent 
degree,  as  described  by  the  subsequent  equations. 

(5)  The  TV  profile  also  has  a  limiting  exponential  character  as  seen  in 
Figure  3.  However,  the  corresponding  u'v*  profile  appears  not  to  have 
such  a  form,  either  owing  to  experimental  scatter  or  to  a  fundamental 
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difference  in  its  nature.  It  is  extremely  interesting  to  note  that 
the  exponential  decay  rate  of  '7‘Tr  appears  to  be  exactly  one  half  of 
the  corresponding  rates  for  T  and  U.  This  point  will  resurface  In 
what  follows. 

Given  the  observed  exponential  character  of  the  outer  region,  It  Is 
possible  to  utilize  the  mean  fluids  equations  to  deduce  explicit  functional 
forms  for  u'v'  and  77Tr  as  applicable.  The  argument  is  summarized  as 
fol lows: 

(1)  From  experimental  observation: 

M_  =  1  .  I  exp[-a  l  ]  ;  ^  =  1  exp[-a  y/6]  (3) 

where  a,  8  *  /To 

(2)  From  the  ideal  gas  equation  (p  *  constant): 

=  1  +  [Iw  .  1]  exp.  [VTD  /6]  (4) 

p  ‘e  /Til 


(3)  By  integration  of  the  conservation  of  mass  equation: 

sinr  •  -  ci  £  ♦  £  *  #  U  *  m  in  i|iELtvTc,/5:  (5) 


+  higher  order  exponentials 


Several  observations  are  made  concerning  these  equations.  First,  the 

form  obtained  for  u"v'  in  Equation  (6)  is  strikingly  similar  to  the 

Miyazaki  and  Sparrow  model  given  in  Equation  (2),  and  therefore  this  model — 

appears  to  have  further  support.  It  should  be  emphasized  that  Equation  (6) 

is  not  meant  to  be  applicable  in  the  wall  region  in  which  the  exponential 

behavior  is  not  observed.  However,  the  term  which  includes  the 

coefficient,  c(x),  is  very  similar  in  form  to  the  usual  mixing  length 

hypothesis.  This  leads  to  the  speculation  that  FST  may  influence  tne  wall 

region  directly  through  this  non-linear  term.  Second,  there  are  two 

additional  terms  appearing  in  Equation  (6)  which  do  not  appear  in  the 

-1 

earlier  model.  In  comparison  to  the  other  terms,  Re5  is  negligible  for  the 
fully  turbulent  boundary  layer,  and  it  is  therefore  discarded  below.  The 
constant  term  is  comparable  to  the  y/6  term  and  is  therefore  retained 
below.  Third,  the  coefficient  of  the  y/6  term  explicitly  depends  on  x, 
whereas  in  the  initial  model  based  on  Equation  (2)  the  factor.  A,  was 
considered  to  be  constant. 

The  deduction  following  from  the  energy  equation  leads  to  a  note¬ 
worthy  dilemma.  For  the  high  FST  cases  the  experimental  results  for  v'T' 
consistently  follow  the  form  shown  in  Figure  3,  in  which  the  decay  rate  is 
one  half  that  of  the  mean  velocity  and  mean  temperture.  However,  these 
assumptions  lead  to  Equation  (7),  which  indicates  that  the  slowest  decay  is 
idtntical  to  that  of  u  and  T,  not  the  half  power.  Furthermore,  the  appear¬ 
ance  of  the  y/6  factor  in  Equation  (7)  suggests  that  the  semi  logarithmic 
plot  should  not  yield  a  straight  line,  in  contradiction  to  experimental 
observation.  Such  a  mismatch  in  form  cannot  be  reconciled  by  adjusting  the 
magnitudes  of  the  coefficients;  and  therefore,  there  appears  to  be  a  funda¬ 
mental  inconsistency,  which  may  have  profound  consequences.  It  is 
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necessary  to  reconsider  the  assumptions  leading  to  Equation  (7).  Such  an 
effort  is  beyond  the  present  scope  and  is  recommended  for  continued 
investigation.  In  brief,  however,  the  mean  energy  equation  leading  to 
Equation  (7)  is  the  one  utilized  in  STANCOOL,  and  it  is  commonly  assumed  to 
applyl7  in  .hese  cases.  By  cursory  inspection  and  by  an  order  of  magnitude 
analysis,  it  appears  that  certain  correlation  functions  Involving  density 
fluctuations  ought  not  be  neglected,  and  inclusion  of  these  may  resolve  the 
di lemma. 

In  light  of  the  previous  discussion,  the  turbulence  model  formulated 
for  the  present  study  has  evolved  to  the  following: 

Eddy  viscosity: 

eM  »  l2  |fy|  +  AueIe(x)i5m(x)D"uT2(x)[l  ♦  B(y/«)3  (8) 

Turbulent  Prandtl  number: 

pr  =f„=  ^ifyl  +  CCiIe  ♦  Cgjugti111  Dn  uT2  [I  +  3%] 

Prt  £H  a*2||£|  +  C3  ueZ6m  0"  ut2[1  +  B  J]exp[f  f] 

where 

D  is  the  van  Driest  damping  factor*?, 
and 

UT2  -  TW(X)  -  ~ 

In  Equation  (8)  the  damping  factor  is  included  so  that  the  FST  addition 
vanishes  in  the  wall  region  in  comparison  to  the  mixing  length  model. 
Furthermore,  the  streamwise  dependence  of  the  FST  effect  may  be  adjusted 
via  the  power  of  5(x).  The  form  chosen  for  Pr^-  requires  further  comment, 
as  it  is  clearly  a  compromise  utilized  soley  for  the  sake  of  computation  in 


STANCOOL.  In  STANCOQt  the  turbulence  effect  on  heating  is  modeled  directly 
through  Pr^,  and  use  of  any  other  method  would  require  extensive 
alterations  of  the  code.  In  the  spirit  of  the  Reynolds  analogy,  it  is 
assumed  that  the  forms  of  u' v'  and  v'T'  are  similar,  and  this  leads  to  the 
ratio  expressed  in  Equation  (9).  The  added  modifications  are  introduced 
primarily  in  an  effort  to  fit  Blair's  measurements  of  Pr^.  The  exponential 
factor  is  added  in  compensation  for  the  observed  decay  rate  of  vTTv” and 
also  to  produce  the  large  decrease  of  Pr^  with  increasing  y  that  has  been 
observed  by  several  investigators  The  constant,  a,  is  included  in 

an  effort  to  vary  Prt  in  the  near  wall  region,  and  the  constants  C-| ,  Cg,  C3 
are  chosen  to  match  the  observed  increase  of  Prt  with  increasing  Ie. 

V.  RESULTS 

It  Js  shown  in  this  section  that  typical  computations  utilizing  the 
model  described  by  Equations  (8)  and  (9)  can  produce  results  which  are  in 
better  agreement  with  Blair's  data  than  was  the  case  with  the  original 
STANCOOL  options.  However,  it  is  not  claimed  that  the  new  model  is  free  of 
inconsistencies,  nor  that  it  may  be  used  with  confidence  in  extrapolation 
to  other  flow  regimes.  Tho  model  is  intended  to  highlight  some  of  the  new 
observations  concerning  te  effects  of  FST,  and  also  to  be  a  vehicle  for 
continued  improvements. 

Figures  4,  5,  and  6  are  intended  to  parallel  the  earlier  discussions, 
with  the  inclusion  of  the  results  of  the  latest  computations.  In  Figure  4 
the  computed  boundary  layer  has  been  forced  to  undergo  transition  near  the 
experimentally  observed  locations,  with  the  objective  of  removing  this 
added  uncertainty  from  the  comparisons.  In  contrast  to  Figure  1,  the 
Stanton  number  now  increases  in  the  turbulent  boundary  layer  as  the  FST 
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Figure  4:  New  mixing  length  model.  Comparisons  of  Stanton  number 
and  Reynolds  analogy  factor  with  Blair's  data. 
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level  increases,  and  the  comparison  is  good.  In  order  to  achieve  these 

computations,  the  parametric  values  chosen  in  the  model  are  as  follows: 

A  *  0.013 

m  =  1 

n  =  4  (10) 

B  *  /Tfi 

Ci  *  3 

C2  *  0.2 

C3  -  0.2 

a  x  1.18,  1.20,  1.50  (as  FST  increases) 

In  addition,  the  exponential  coefficient  in  the  van  Driest  damping  factor1^ 
was  chosen  to  be:  A+  =  35.  During  the  search  for  these  values,  several 
other  observations  emerged.  As  might  have  been  anticipated,  significant 
changes  in  the  outer  portions  of  the  u'v'  and  Pr^  modeling  had  minor 
effects  on  Cf  and  St,  unless  the  exponent  of  the  damping  factor,  n,  was 
chosen  small  enough  so  that  the  usual  mixing  length  did  not  dominate  the 
wall  region.  Although  it  has  been  claimed1*  that  the  wall  region  is  rather 
insensitive  to  external  changes,  it  is  evident  from  Figure  3  that  FST 
Influences  not  only  the  wake  but  also  that  the  law  of  the  wall  region  is 
greatly  reduced  in  size,  perhaps  disappears  totally  for  high  FST  levels. 

It  is  vitally  important  to  have  measurements  to  small  values  of  y+(~5), 
because  tne  character  of  the  damping  factor  cannot  be  inferred  from  the 
logaritnmlc  region.  In  the  present  computations,  the  FST  influence  on  Cf 
and  St  required  an  Independent  adjustment  of  A+  in  order  to  effect  correct 
trends.  In  addition,  the  near  wall  region  of  Pr^  required  adjustment  via 
the  parameter,  a,  in  order  to  model  FST  effects  on  Sf. 

Although  the  arguments  leading  to  Eqution  (6)  prescribe  a  specific  x 
dependence  for  the  turbulence  model,  this  dependence  had  to  be  slightly 
altered  by  the  exponent,  m,  in  Equation  (8)  in  order  to  match  the  observed 
x  variation  of  Cf  and  Sj. 

In  the  lower  half  of  Figure  4  are  shown  the  variations  of  the  Reynolds 


analogy  factor,  2St/Cf,  with  changes  in  Rex  and  FST.  At  several  downstream 
stations  the  scatter  in  the  data  provides  an  indication  of  three 
dimensional  flow  effects,  since  these  differences  arise  from  variations  in 
spanwise  location. ^  Nevertheless,  as  the  FST  increases  from  0.25%  to  5%, 
it  appears  that  2St/Cf  increases  from  1.15  to  1.25  approximately.  The 
present  Pr^  model  is  seen  to  yield  a  computational  result  that  is  similar 
qualitatively.  It  should  be  noted  that  the  laminar  computation  of  the 
Reynolds  analogy  factor  is  high  owing  to  the  experimental  staggering  of 
heating  onset  with  respect  to  the  leading  edge1*. 

In  Figure  5  is  exhibited  an  improved  overall  calculation  of  u  as 
compared  with  Figure  2.  By  further  adjustment  of  the  parameters  it  is 
possible  to  decrease  the  mismatch  near  the  wall.  A  similar  Improvement 
occurs  for  T.  However  acceptable  this  plot  may  seem  in  the  wake  region,  a 
detailed  scrutiny  in  semi  logarithmic  form  reveals  that  the  measured 
exponential  decay  of  the  corresponding  deficits  (cf.  Figure  3)  is  not 
reproduced  by  the  computations.  Therefore,  a  fundamentally  correct  nature 
is  absent  from  the  modeling.  However,  this  difference  may  be  important 
only  in  principle.  Further  comparisons  of  velocity  profiles  are  shown 
in  law  of  the  wall  coordinates  In  the  lower  half  of  Figure  5.  There  is  an 
important  mismatch  in  the  logarithmic  region  between  the  computations  and 
the  data,  and  this  corresponds  to  the  mismatch  In  the  upper  half  of  the 
figure.  Although  further  adjustments  of  the  parameters  could  decrease  the 
mismatch,  it  is  clear  that  further  investigation  is  required.  It  is  seen 
that  an  increase  of  FST  has  a  pronounced  effect  in  decreasing  Coles'  woke 
regionlS. 

Another  deficiency  is  revealed  in  Figure  6  in  regard  to  the  v't' 
comparison.  In  spite  of  the  fact  that  and  T  have  been  well  calculated 
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—  STANCOOL  Computations 
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(in  comparison),  the  corresponding  calculation  for  v'T'  has  not  matched  the 
data,  although  a  correct  trend  has  been  established  with  increasing  FST. 
None  of  the  parametric  variations  in  the  modeling  seem  to  have  produced 
the  exponential  character  of  the  measured  v'T' ,  and  this  issue  remains 
perplexing. 

Lastly,  in  Figure  6,  the  comparisons  of  Pr^  are  shown.  The  main 

observations  are  that  the  near  wall  modeling  influences  S^.  whereas  the 

bulk  of  the  Prt  shape  influences  the  T  profile  only  slightly  in  the  wake 

region.  During  scrutiny  of  Blair's  data,  it  was  noticed  that  outside 

of  the  boundary  layer  Prt  passed  through  zero  and  became  negative  in  some 

cases.  Since  the  downward  trends  were  too  consistent  to  be  attributed  to 

experimental  scatter,  an  explanation  was  sought.  It  was  already  noted 

earlier  that  the  turbulence  clearly  extends  beyond  the  usual  boundary 

layer  edge.  In  fact,  towards  the  most  downstream  stations  of  measurement, 

the  data  Indicate  that  the  structure  is  still  non-uniform  even  at  the 

channel  centerline,  whereas  the  boundary  layer  thickness  Is  roughly  of  half 

that  length.  Therefore,  it  Is  very  likely  that  channel  flow  effects  have 

influenced  the  Prt  measurements.  Since  only  the  upper  wall  is  heated,  the 

v'T'  profile  has  the  same  sign  throughout  the  channel  height,  while  u'v' 

must  change  sign  near  the  tunnel  centerline  by  symmetry.  Since  the  upper 

and  lower  boundary  layers  are  not  matched  in  thickness,  it  is  probable  that 
3u 

u'v'  and  —have  zero  crossings  at  different  y  locations,  thereby  invali¬ 
dating  the  usual  mixing  length  approach.  Such  circumstances  could  lead  to 

negative  values  for  Prt.  It  Is  therefore  conjectured  that  true  boundary 

layer  measurements,  uncontaminated  by  channel  effects,  would  not  contain 

such  large  decreases  in  Prt  in  the  wake  region  as  were  observed  here.  It 

would  be  of  interest  to  reconsider  previous  Pr^  measurements  (and  the  wide 
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scatter  in  results)  more  systematically  in  light  of  this  channel  flow 
observation.  A  further  question  arises  as  to  which  case  is  closer  to  the 
actual  turbine  blade  situation.  These  issues  remain  for  continued 
investigation. 

VI.  SUMMARY  Of  ACCOMPLISHMENTS 

(1)  A  working  knowledge  of  the  code  STANCOOL  has  been  attained. 

(2)  An  extension  of  the  Miyazaki  and  Sparrow  model  for  FST  effects  has 
been  incorporated  into  STANCOOL. 

(3)  The  extensive  measurements  of  Blair  have  been  studied  and  compared 
with  sample  calculations  using  the  modified  code.  Results  have  shown 
a  significant  improvement,  but  several  discrepancies  have  been 
identified. 

(4)  A  fundamental  exponential  behavior  in  the  wake  region  of  a  turbulent 
boundary  layer  for  cases  of  high  FST  has  been  noted,  apparently  for 
the  first  time. 

(5)  An  explanation  is  proposed  for  the  observed  large  drop  in  Pr^  in  the 
wake  region.  It  is  conjectured  that  this  behavior  is  symptomatic  of 
channel  flow  effects  in  such  experiments. 

(6)  Deductions  from  the  observed  exponential  behavior  reveal  a  logical 
dilemma  concerning  the  energy  equation.  This  dilemma  may  be  of 
fundamental  importance  and  requires  further  Investigation. 

VII.  RECOMMENDATIONS: 

Several  issues  require  further  investigation  experimentally, 
theoretically  and  computationally.  In  order  of  increasing  difficulty  In 
each  category  these  are: 
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Experimental 


(1)  Exploration  of  the  outer  boundary  layer  with  hot  wires  for  cases  of 
higher  FST  to  determine  the  extent  of  the  exponential  character  noted 
for  the  first  time  herein. 

(2)  Measurements  of  Pr^  designed  to  assess  the  extent  of  channel  flow 
Influence  on  this  variable. 

(3)  Variation  of  FST  scale  size. 

(4)  Measurements  in  thicker  boundary  layers  to  determine  heat  transfer  and 
the  damping  factor  very  close  to  the  surface. 

(5)  Experiments  to  include  measured  density  fluctuations  in  environments 
of  higher  levels  of  FST. 

Theoretical 

(1)  Further  deductions  concerning  the  exponential  wake  region. 

(2)  Formulation  of  an  FST  model  which  includes  the  influence  of  scale 
sizes  and  phase  lags  throughout  the  boundary  layer. 

(3)  Further  refinements  to  the  theory  of  transition  onset  and  extent  In 
the  presence  of  TST. 

(4)  Resolution  of  the  observed  heat  transfer  dilemma  Involving  the  energy 
equation.  Assessment  and  Inclusion  of  additional  correlation  terms 
involving  density  and  perhaps  pressure  fluctuations. 

Computational 

(1)  Continuation  of  the  present  modeling.  Inclusion  of  further  data 
comparisons. 

(2)  Extension  of  the  current  modeling  to  Include  the  7KE  equation  and 
higher  order  equations. 
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(3)  Further  modeling  of  FST  effects  on  transition. 

(4)  Calculations  including  pressure  gradient  and  non-equilibrium  cases. 
Extensions  to  higher  FST  calculations. 


V". 
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AN  ADJOINJ  SYSTEMS  APPROACH 
IS  LEARNING  AND  TRANSFER  OF  TRAINING 

by 

Robert  E.  Shaw 

ABSTRACT 

The  primary  motivation  of  ground-based  Flight  simulator 
training  is  the  belief  that  this  will  provide  a  safe,  relatively 
inexpensive,  and  effective  way  to  train  pilots.  It  is  assumed,  of 
course,  that  such  training  will  transfer  positively  and 
significantly  to  the  flying  of  real  aircraft.  However  no 
conclusive  experimental  evidence  currently  exists  to  support  this 
claim.  One  reason  for  the  lack  of  such  evidence  is  overdependence 
of  the  current  research  on  the  Optimal  Control  Model  which  is 
ill-suited  for  either  motivating  the  appropriate  experiments  or 
predicting  and  explaining  learning  and  transfer  of  training 
effects.  Reasons  for  these  conclusions  are  reviewed  and 
recommendations  for  the  development  of  adaptive  models  within  the 
more  promising  field  of  adjoint  systems  theory  are  given.  A 
mathematical  overview  of  this  new  approach  is  provided  that 
should  be  empirically  tested.  Recommendations  are  made  for  doing 
so. 
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I.  INTRODUCTION 

An  important  goal  of  the  AFAMRL/HEF  is  to  increase  crew 
effectiveness  through  ground-based  simulator  training. 
Unf ortunatel y ,  no  current  mathematical  model  predicts  learning 
and  transfer  effects  in  manual  control  tracking  tasks,  as 
candidly  acknowledged  by  one  of  the  authors  of  the  highly  popular 
optimal  control  model  for  human  performance,  or  OCH  approach. 1 
The  OCM  approach  provides  no  such  model  because  it  assumes  that 
subjects  perform  optimally,  thus  leaving  no  room  for  improvement 
through  learning. a 

As  a  remedy,  Levison'  proposed  including  in  .the  OCM  an 
"internal  model"  to  represent  the  subject's  understanding  of 
task-demands,  and  to  provide  parameters  that  might  be  "tweaked" 
for  each  change  in  initial  conditions  over  trials  or  tasks.  Thus 
it  was  hoped  that  adaptive  effects  could  be  modelled.  But  the 
addition  of  ad  hoc  parameters  to  a  model  fails  as  a  general 
solution,  and  causes  additional  problems.  For  instance,  it 
increases  the  need  for  brute  force  tweaking  of  parameters.  This 
is  an  undesirable  feature  of  a  model  because  it  limits  its 
usefulness  to  post  hoc  curve  fitting  of  data  in  lieu  of  genuine 
prediction  over  distinct  task  situations  (e.g.,  different 
simulators,  or  from  simulator  tasks  to  real  flight). 

Indeed  the  OCM  model  is  already  liable  to  the  charge  of 
over-parametrizetion ,  that  is,  of  having  too  many  perameters  to 
tweak.  This  results  in  excessive  predictive  power.  The  only 
models  of  explanatory  value  in  science  are  those  whose  number  of 
degrees  of  freedom  do  not  exceed  the  number  of  constraints 
required  to  describe  the  phenomenon  in  question.  Too  few 
parameters  to  manipulate,  then  not  all  aspects  of  the  phenomenon 
will  be  predictable.  and  thus  the  model  is  formally  incomplete. 
Too  many  parameters,  then  aspects  not  belonging  to  the  phenomenon 
will  be  falsely  predicted,  and  thus  the  model  is  formally 
inconsistent. 

The  problem  when  developing  a  model  is  to  hold  the  numbe-  of 
parameters  to  a  minimum  so  as  to  avoid  inconsistency  and  yet  to 
have  sufficient  parameters  to  be  complete.  Models  that  achieve 
this  balance  are  said  to  be  in  reduced  farm  —  a  property 
required  if  models  are  to  possess  both  obseryabi.Ii.ty  and 
oontr gfl.ab i_l.i_ty .  3 
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Furthermore  the  uu  of  describing  funqtionf  *  by  the  OCM 
approach  only  exacerbates  the  problem  of  ovar-paramatrization. 
Describing  functions  typically  have  five  parameters,  perhaps  as 
many  as  nine{  thus,  making  this  approximation  technique  liable  to 
tha  charge  of  possessing  excessive  power  for  curve  fitting  human 
behavior.*  Because _of  this  large  number  of  degrees  of  freedom, 
such  functions  can  fit  a  wide  variety  of  human  behavior. 
Unfortunately,  the  flexibility  of  the  describing  function  makes 
it  incapable  of  precise  prediction.* 

An  equally  serious  problem  with  the  use  of  describing 
functions  for  modelling  learning  curves  is  that  this  technique 
can  be  misleading.  The  transmission  time  lag  of  the  describing 
function  is  not  the  transmission  time  of  the  human  from  whose 
transfer  function  the  describing  function  parameters  are  derived. 

Another  problem  of  the  OCM  approach  has  been  its  exclusive 
use  of  artificial  compensatory  tasks  rather  than  the  more  natural 
pursuit  tracking  tasks.  Apparently,  the  primary  justification  for 
the  adoption  of  compensatory  rather  than  pursuit  task  paradigms 
is  that  it  makes  modelling  of  tracking  task  data  by  the  OCM  more 
convenient.  This  is  an  artificial  restriction,  and  one  that 
renders  the  model  unrealistic  for  making  predictions  about  real 
world  manual  tracking  tasks  because  they  invariably  involve 
matching  output  to  input  (pursuit)  rather  than  merely  reducing 
error  (compensatory) . 

Finally,  because  transfer  of  training  is  ultimately  the  goal 
of  ground-based  simulator  training,  it  should  be  pointed  out  that 
there  is  evidence  of  asymmetry  of  transfer  between  compensatory 
*nd  pursuit  tracking.  This  means  that  practice  with  the  pursuit 
display  benefits  subsequent  performance  with  the  compensatory 
display  more  than  does  practice  throughout  with  the  compensatory 
display  alone.41 

For  all  of  the  above  reasons  ,  a  strong  case  can  be  made  for 
the  need  for  an  alternative  approach  to  modelling  adaptive 
systems  in  manual  tracking  tasks 

II.  OBJECIIVSS 

The  main  objectives  of  this  project  was  to  assess  the 
potential  of  the  OCM  approach  for  modelling  learning  and  transfer 
effects  in  flight  simulation  tracking  tasks,  and  if  necessary,  to 
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suggest  a  more  viable  approach  to  the  problem.  In  previous  work,7 
the  author  had  determined  the  generic  form  of  learning  equations 
that  any  minimally  adequate  adaptive  system  must  satisfy  if  it  is 
to  be  a  realistic  model  for  psychological  learning  theory. 
Figure  1  shows,  in  operator  notation,  the  form  that  such  an 
adaptive  system  assumes,  while  Table  1  exhibits  the  equations 
themselves.  For  the  reasons  given  above,  the  OCM  approach  is  not 
a  likely  candidate.  Using  the  depicted  system  of 
integrodifferential  equations  as  a  presription  of  the  job  an 
adaptive  system  must  do  to  learn,  we  set  out  to  determine  if  such 
a  system  could  be  found. 

III.  LEARNING  AS  MODELLED  BY  A  SYSTEM  OF  ORTHOGONALLY  ADJOINT 

§QU6IIQy§ 

We  begin  with  a  brief  summary  of  the  Shaw  &  Alley  paper7 
that  treats  learning  as  a  functional  governed  by  the  system  of 
four  dual  i ntegrodi f f erent i al  equations  depicted  in  Table  1.  Here 
it  is  argued  that  learning  takes  two  forms: 

First,  action  learning  tunes  the  learner  toward  mini  mum 
expenditures  in  both  orienting  its  sensory  systems  and 
controlling  the  motor  system  along  an  optimal  path  through  task- 
demands  to  the  task-goal.  And  second,  there  is  E®C£SEiyai 
learning  which  tunes  the  learner  toward  maximum  information 
processing  needed  to  orient  and  steer  the  motor  systems  along  the 
optimal  path.  The  optimization  of  both  energy  and  information 
processing  by  the  learner  in  task-specific  ways  requires 
modelling  by  functional  equations  that  are  temporally  duai  (Table 
1  viewed  row-wise),  and  satisfies  the  control lability  criterion.3 

On  the  one  hand,  learning  is  hereditary,  being  an 
accumulation  of  over  time  that  alters  the  initial 

conditions,  or  state  of  "readi ness " ,  of  the  action/perception 
systems  toward  optimal  energy  expenditures  in  responding  to 
subsequent,  recurring  task-demands.  But  such  "past-pending" 
control  processes  are  goal  "blind”,  being  caisai  rather  than 
intentional.  On  the  other  hand,  learning  is  antigigatory  as  well, 
being  an  accumulation  of  exgec£angies  over  time  that  alters  the 
fiDSi  conditions,  or  the  state  of  sensitivity,  of  the 
action/perception  systems  toward  optimal  information  detection  of 
the  relevant  task  parameters  (direction,  distance,  effort)  needed 
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to  steer  a  careful  court*  toward  tha  task-goal.  By  contrast,  such 
“future-tending"  procassas  hava  goal  “acuity",  baing  acausal ,  or 
intentional  .  and  satisfy  tha  oqservabi  1  ity  criterion.* 

In  addition,  tha  learning  problem  can  ba  viewed  from  two 
perspectives!  From  tha  internal,  perspective  of  the  learner  as  a 
system  of  degrees  of  freedom  (state-variables)  to  be  controlled 
and  accomodated  to  a  context  of  potentially  non-linear,  time- 
varying  constraints  —  the  demands  of  the  task-environnment,  or 
from  the  extern ^  1  perspective  of  the  task-environment  as  a  dual 
system  of  such  constraints  (dual  state-variables)  that  define  the 
task  for  the  learner.  Thus  the  functional  equations  for  modelling 
learning  are  not  only  temporal  duals  (Table  1  viewed  row-wise) 
but  perspective  duals  as  well  (Table  1  viewed  column-wise). 

These  four  functional  equations  define  what  can  be  called  an 
orthogonal  1  y  adjoint  system.  The  system  is  orthogonally  adjoint 
because,  in  one  direction  (designated  the  temporal,  duajs) ,  it 
consists  of  two  pairs  of  dual  equations  to  model  hereditary 
(reinforcement)  influences,  on  the  one  hand,  and  anticipatory 
(expectancy)  influences,  on  the  other.  In  the  other  direction 
(designated  the  Qersgec&ivg  <2yalj) ,  two  pairs  of  dual  equations 
are  defined  over  conjugate  (information  and  energy)  variables  of 
the  actor /perceiver  control  system,  coupled  in  a  mutual  but 
reciprocal  relationship  with  the  task-environment. 

Two  mathematical  questions  were  raised  —  one  general  and 
the  other  specific.  The  general  question  was  whether  this  system 
of  learning  equations  could  be  satisfied  by  some  kind  of  optimal 
control  system  with  time  lag.  The  answer  was  affirmative.  The 
specific  question  was  how  to  model  the  fact  that  whenever  an 
action  is  successfully  controlled  and  the  goal  attained,  then  it 
must  result  from  the  accurate  perception  of  environmental 
constraints.  This  proved  to  be  tantamount  to  the  claim  that  when 
learning  occurs,  then  an  inner  grg^yg^  gggrgigr*  must  exist 
whereby  perceptual  information  is  scaled  invariantly  over  time  to 
the  energy  requirements  of  control.  Again  the  answer  was 
af f irmati ve. 

Let  us  consider  the  form  that  these  dual  equations  for 
information  and  control  take  within  the  mathematical  theory  of 
adjoint  systems  theory.  It  should  be  pointed  out  that  the  field 
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of  adjoint  systems  is  not  wall  known,  and,  therefore,  to  maka 
clear  its  use  for  modal  ling  tha  problems  at  hand,  we  present  a 
graded  development  of  this  approach.  We  begin  with  the  simplest 
case,  the  scalar  one,  and  then  develop  the  equations  for  the 
intermediate  matrix  case,  and,  finally,  arrive  at  the  most 
involved  equations  for  the  time  l.ag ,  or  hereditary/anticipatory 
case. 

IV.  MAIHgMATIQAL  FORMULATION  OF  THE  LEARNING  EQUATIONS  AS  AN 

ADJOIN!  iformaiion/control  SYSTEM  WITH  TIME  LAG 

For  the  reasons  given  in  the  previous  section,  the  best 
model  for  adaptive  systems  is  one  which  combines  reinf orcement 
and  expectancy  theories  of  learning  into  a  single  theory  by  means 
of  the  orthogonally  adjoint  system  of  equations.7  Here  action,  as 
a  control  variable,  is  dual  to  perception,  as  an  observation 
variable,  in  the  sense  understood  in  modern  control  theory.* 
Interestingly  enough,  in  modern  control  theory,  there  exists 
several  sets  of  dual,  or  adjoint  equations, which  might  be  used  to 
explain  the  process  of  learning  as  described. 

What  follows  is  a  summary  of  the  relevant  equations  from 
modern  control  theory  that  might  be  used  in  learning  theory  to 
model  the  duality  of  perception,  formally  construed  as 
observation,  and  action,  formally  construed  as  control.7  Next, 
these  equations  are  then  expanded  by  considering  a  special  class 
of  control  problems,  the  adjoint  system,  to  accomodate  the  mutual 
and  reciprocal  relationship  between  the  actor /percei ver  and  the 
task -environment 

Finally,  equations  are  proposed  for  a  time  delay  system 
which  exhibits  hereditary  effects,  and  whose  adjoint  system 
exhibits  anticipatory  effects  —  on  the  analogy  of  rei nf orcement 
and  expectancy  theories,  respectively.  Thus,  the  time  delay 
equations  define  adjoint  systems  with  memory  and  anticipation.  In 
addition,  these  systems  exhibit  the  sequential,  possibly 
nonlinear  effects  of  trials,  and  other  variables,  such  as 
"learning-to-learn" ,  that  may  si gni f i cantl y  effect  learning  and 
transfer  effects. 

We  begin  with  a  simple  scalar  differential  equation  process 
and  investigate  its  adjoint  system. 
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v.  us  ecjciNj  s^siebi  sceCee  case 

The  scalar  fore  of  the  adjoint  system  is  the  simplest  cast 
of  a  system  defined  by  taaporally  dual  aquations.  Racall  that 
this  :  f undamental  duality  defines  tha  ralationship  between 

perceptual  in-formation  and  action  control.  Consider  the  scalar 
first  order  differential  equation 

*<t>  *  <d/dt>  x  <t>  ■  a(t>,  with  x  (to  -)  <1) 

being  given  as  denoting  the  system  of  interest.  Here  a(t>  is 
generally  described  as  a  continuous  function  of  time  t.  £q. (1)  is 
integrated  forward  in  tieo  from  t  -  to,  the  initial  time,  until 
t  ■  tn  ,  the  final  time.  Associated  with  the  function  x(t)  is 
the  adjoint  system  Ot(t>  ,  which  satisfies 

0<(t)  *  -  £*(t)  a (t >  (2) 

where  OC(t«>  is  specified  at  the  terminal  time.  What  is 
noteworthy  is  that  Ot(t)  is  integrated  backwards  in  time  from  t  - 
t.*  to  t  *  to,  and  also  differs  from  the  right  hand  side  of 
Eq. Cl)  by  a  change  in  sign.  If  constant  a  >  0,  then  Figure  (2a) 
illustrates  the  pole-zero  diagram  of  the  original  system.  Their 
adjointness,  or  duality,  is  manifested  in  them  appearing  as 
mirrcr  images  about  the  complex  (jG>>  axis.  All  adjoint  systems, 
including  the  vector /matri x  cases  and  the  time  lag  (hereditary) 
cases,  exhibit  this  involutive  character  when  plotted  against 
their  original  system.  Figure  (2b>  illustrates  how  each  equation 
is  integrated  forward  or  feajkwarg  in  time,  respectively. 

It  is  also  possible  for  a(t>  in  Eq. (1)  to  vary  with  time; 
the  adjoint  system  can  be  defined  accordingly.  An  important 
quantity  in  analyzing  the  solutions  to  these  equations  is  the 
f undamental ,  or  state  transition,  matrix  which  is  defined  for  the 
system  Eq. (1)  as  follows: 

#it,t0>  *  a<t)  0<t,to),  ^ (to i to)  *  I  (3) 

where  I  indicates  1  for  the  scalar  case  and  a  unit  diagonal 
matrix  for  the  matrix  esse.  This  reduces  to 

$<t,t0>  -  e- «*-*•»  (A) 

if  a  is  constant.  Tne  solution  x(t>  of  Eq. (1)  can  be  written  as 

x  (t)  -  ^  <t  ,to>  x  (t0>  (5) 

For  the  adjoint  sytem,  the  state  transition  matrix  satisfies 

#<t,t©>  -  -  a  (t  >  jl.(t,t«>  (6) 

o„(t*,tW  -  I  (7) 

which,  for  a  ■  constant,  reduces  to 
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#.< t,t*>  -  »-«**-*» 

(8) 

From 

this 

it  follows  that 

f.Cto  ,t 3  -  #Ct,  t03 

(9) 

or 

i 

(10) 

Thus 

the  adjoint  system  acts  like  an  inverse  system. 

but 

proceeds  backwards  in  time.  The  most  interesting  relationship 
between  the  original  system  and  the  adjoint  system  occurs  when  we 
observe  the  inner  product  operator.  For  two  scalars  x(t>  and 
«(t>,  we  define  the  inner  gr oduc t  operator  as  the  scalar 
product  of  the  components.  This  turns  out  to  be  equal  to  a 
constant  for  all  time,  i.e. 

v  out)  ,  X  <  t  >  >  =  Ok(t)  x(t>  =  constant  (independent  of  time)  (11) 
If  we  use  the  simple  example  illustrated  thus  far,  then  we  see 
for  a  =  constant 

<x(t),  «(t)>  *  x  ( to >  *•<*-«*>  <t*>  (12) 

=  x  (to)  «(t#  >  (13) 

*  constant  (independent  of  time)  (14) 

To  better  illustrate  what  happens  if  a(t>  depends  on  time,  we 
present  a  time  varying  example  **  to  demonstrate  more  explicitly 


these  calcul ations. 

Exarngie  1j  Given  the  system 

x(t)  *  -  t  x(t>,  with  x (to)  specified,  (15) 

then  the  solution  is 

•  • 

x('j>  -  x  (to)  e««#~*  *'*  (16) 

and  4(t,t0)  *  e<%—*'>'a  for  t  >  to  (17) 

while  ^(t,to)  *  0  for  t  <  to  (18) 

The  adjoint  system  satisfies 

Ot(t>  *  *  t#(t),  with  0Kt„)  specified  (19) 

The  solution  is  Ol(t>  *  «(t,>  e**  “V"*  (20) 

and  im  (t,t,)  *  (21) 

Note:  Om  C  t ,  t*  3  o:t,t0l  *  (22) 

*  constant  (independent  of  time)  (23) 
also  <x(t),  Oh  t )  =  ::(t0)  e  •*»-«"  * '*  «<t,)  e‘«*  (24) 

or  <x(t),«(t>.  *  x  (to)  0«t»>  e‘*#“««,'a  (25) 

*  constant  (independent  of  time)  (26) 

VI.  THE  ADJOINT  SYSTEM:.  MATRIX  CASE 


The  results  presented  here  for  the  scalar  case  easily 
generalize  to  a  matrix  case.  We  can  now  define  the  dual 
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properties  of  SSQicalllfeili.ii'  »nd  ob§grvjfcj.Iitix  by  which  the  role 
of  action  and  perception  in  the  learning  process  can  be  Modelled. 
In  addition,  we  can  also  define  the  inner  product  operator,  the 
means  by  which  perceptual  information  can  be  scaled  to  the 
control  of  action.  Me  follow  Kalman3  and  define  the  original 
system  equations  as  an  n  component  column  vector  x(t>  as  follows: 

(d/dt>  x(t)  =  A ( t )  x(t)  +  B(t)  u(t),  with  x (to>  specified  (27) 
where  A(t>  is  an  n  x  n  matrix,  B(t)  is  an  n  x  n  matrix,  and  u(t> 
is  a  p  x  1  state  transition  matrix  d(t,t0)  which  satisfies 

?<t,to)  -  A (t)  f(t,to>  (28) 

♦<to, to)  =  I  (29) 

Aossciated  with  the  system  depicted  by  Eq. (27)  is  an  observation 
vector  y(t),  an  m  component  column  vector,  which  satisfies 

y  (t  >  »  H  ( t  >  3(t>  (30) 

where  H(t>  is  an  m  x  n  matrix  relating  the  observation  in  the 
vector'  y'.t.i  from  x(t).  The  adjoint  system  associated  with 
Eqs. (27,  30)  is  given  by 

(d/dt)  S<t>  m  -  AT(t)  Sift)  *  HT(t>  u(t)  (31) 

2  <t>  -  BT(t)  x(t>  (32) 

<M(t«)  is  specified  and  Eqs.  (31,  32)  are  integrated  backwards  in 
time.  The  superscript  T  indicates  matrix  transpose.  With  this 
matrix  notation,  it  is  now  possible  to  define  some  properties  of 
the  original  system  Eqs. (27,  30),  such  as,  complete 

control labi lty  and  cgmolftf  oservabi 1 i ty .  It  is  also  possible  to 
generalize  the  definition  of  the  inner  product  operator.  Me  do  so 
in  the  next  section. 


r  * 
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vil.  PRQP£EII5i  Qp  X‘j£  S5I5IN@t  §Y§IgM  icgMPi,£Tg  cgNTRgtLABiLHY 

ANQ  GQMPggli  Qg^£RV«8IUITYi  AN 5  THg  INNER  PRQ2UGI  QPERAIOR 
The  system  Eqs.  (27,  30)  is  Esmelsttl^  £9G£C23Lli!2l.S  if  there 

exists  son*-  nput  u(t)  which  takes  the  system  initially  at  rest 
x  (to)  ■  0  to  arbitrary  state  3(t*>  •  x«  in  a  finite  length  of 

time  t  *  t*.  This  property  holds  if  the  following  matrix  is 
positive  definite  for  some  to  >  t0* 

W  (to,t#  )  t#,t)  B  (t )  3T(t)  ♦T(t#,t>  dt  (33) 

The  measure  of  comolete  controllability  is  related  to  the  minimum 
amount  of  control  energy  u(t)  necessery  to  transfer  “ (t0>  «  0  to 
x(t«)  «  x«  in  t«  seconds. 

Of  interest  te  detormining  the  optimality  of  the  control  is 
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the  degree  to  which  the  amount  of  work  don®  approaches  the 
minimum.  For  this  w®  need  an  equation  defining  minimum  enerjyi 

Min  E  ■  MS<t*>||»  W-Mto,t*>  -xT(t*>  W-Mt0,t,)  x(t*)  (34) 

Thus  small  values  of  W(to,t«)  imply  little  controllability,  for 
this  means  that  large  amounts  of  energy  are  required  to  transfer 
x  (to)  *  0  to  j?(t*)  *  “•»,  and  conversely. 

As  mentioned  earlier,  since  perceptual  information  guides 
action,  there  must  exist  a  duality  between  the  energy  required 
for  control  and  the  information  that  provides  the  measure  of 
control .  Such  a  measure  is  guaranteed  by  the  duality  of  complete  * 

control  1 abi 1 i ty  to  complete  observability.  We  define  this 
condition  next. 

A  system  is  said  to  be  completely  observable  if  it  is 
possible  to  determine  the  exact  value  of  x(t0>  given  the  values 
of  y(t)  in  a  finite  interval  (t0,t«>,  where  to  <  t.* .  The  original 
system  Eqs. (27,30)  is  completely  observable  if  the  following 
matrix  is  positive  definite  for  some  t.»  >  t0: 

M  (to,  t.# )  -  iT(t,t->  HMt)  H  (t )  £(t,t«.)  dt  (35) 

We  come  now  to  an  important  lemma* 

Lemmg  1:  A  system  is  completely  controllable  if  and  only  if  its 

dual  (adjoint)  is  completely  observable,  and 
conversely.  * 

The  proof  of  this  lemma  follows  directly  from  the  dual 

relationships 

?<t*,t>  =  f„T<t,t,>  (36) 

B(t)  «  H.T(t)  (37) 

and  by  substituting  into  Eqs. (33,35)  the  relationships  specified 
by  Eqs. (36,37) . 

Analogous  to  the  case  of  minimum  energy,  we  can  ask  what 
happens  to  information  when  the  system  successsf ul 1 y  achieves 
control  of  action  with  respect  to  some  goal?  Given  the  duality  of 
complete  observability  with  complete  controllability,  then 
whenever  energy  is  minimized  information  must  be  maximized.  Thus 
the  measure  of  complete  observabi 1 ity  is  related  to  the 
maximum  amount  of  perceptual  information  as  follows: 

Max  Info  =  |~<t*)|*  M~‘(to,t#>  =  yT(t,)  M-Mto,t*>  y(t*)  (38) 

The  last  item  of  interest  for  the  matrix  case  involves  the 
inner  product  of  the  original  system  with  its  dual,  for  it 

I 
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provides  the  measure  of  control  (energy)  against  perception 
(in-formation).  The  de-finition  o-f  the  inner  product  operator  for 
the  matrix  case  can  also  be  giveni 
Definition*.  Inner  Product  operator 

Let  |x  ||  *  »  CxTx3  and  <x,x>  *  CxTx3.  where  x  is  an 

n  x  1  column  vector. 

Using  the  above  definition,  we  can  now  construct  a  lemma  to  show 
in  the  matrix  case,  as  in  scalar  case,  that  the  inner  product 
between  the  original  system  and  its  adjoint  is  a  temporal 
invariant. 

Lemma  S*  It  u(t>  =  0  in  Eq.  (27)  ,  then  <5?  (t)  ,  (t>>  =  xTOC  ~ 

constant  (independent  of  time).  This  may 

alternatively  occur  if  u(t)  is  in  feedback  formt 

u(t>  *  -  K ( t )  x (t)  (39) 

and  Eq. (39)  is  substituted  into  Eq. (27). 

These  results  can  now  be  extended  to  systems  with 
hereditary  influences,  sometimes  called  systems  with  retardation, 
or  still  more  commonly,  with  time  lag.  Such  systems  are  minimal 
for  modelling  adaptive  changes  in  control  due  to  learning  through 
reward.  We  can  also  extend  these  results  to  the  adjoint  system 
which  exhibits  dual  anticipatory  influences  characteristic  of 
learning  as  a  function  of  change  in  expectancies. 

VIII.  THE;  PDJOINT  SYSTEM!  1 1  Mg  LAG  CASE 

The  results  of  adjoint  systems  theory  extend  naturally  to 
systems  with  time  lag.  *****  In  this  case  the  plant  (vector 
equation)  satisfies 

x(t>  =  A,"(t)  ♦  B,*(t  -  T)  +  B*u(t>  (40) 

y it)  *  R(t>  9 (t>  (41 > 

An  important  change  is  now  introduced  into  the  matrix  case  as 
described  by  Eqs. (40,41).  Where  the  simpler  matrix  case  of 
control  systems  requires  independent  evaluation  of  the  initial 
conditions  of  its  differential  equations,  the  time  lag  case  of 
adjoint  systems  doe3  not.  Instead  these  systems  now  require  an 
ini.ti_al  function  to  express  any  influence  that  builds  up  over 
time  as  a  result  cf  learning,  transfer  of  training,  learning-to  - 
learn,  or  fatigue.  The  initial  function,  also  called  a 
"hereditary  functional",  is  an  operator  that,  in  a  sense, 
"automatically"  updates  the  initial  conditions  of  the 
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di f f erenti al  equations  of  the  matrix  case  system.  It  is  this 
capability  which  -enders  the  time  lag  system  truly  adaptive  so 
that  the  “tweaking"  of  individual  parameters  over  trials  or  tasks 
is  unnecessary. 

The  hereditary  functional  for  the  time  lag  system  can  be 

stated  as 

5<t>  »  J(t>  for  t  C  Cto  -T.tol  (42) 
Also  associated  with  system  Eqs. (40,41)  is  the  state  transition 
matrix 


(d/dt)  V<t,t0>  =  AtIK<t,to)  ♦  B^t  -r,to>  (43) 

for  t  4  Cto,  t,  -73 

(d/dt)  y/( t,to)  =  A1(|»(t,to)  for  t  «  Ct  -T,t,3  (44) 

¥»<t,t0>  =  I  for  t*Ct  -T,tol  (45) 

Associated  with  the  system  Eqs. (40,41)  is  the  adjoint  system 
A(t>  which  satisfies 

A<t)  =  -  A<t)  A,  ( t )  -  A<t  +  T>  B,  <t  +  7>  for  t  «  Cto,t#  -73  (46) 

A<t>  =  -  A(t)  A,  (t)  for  t  *  Ct,  -T,t,3  (47) 

A<t,)  -  I  (48) 

There  are  also  equivalent  definitions  of  control  1 abi 1 i ty , 
observability,  and  an  inner  product  operator  for  these 
systems.  **•  i'r 


Definitions.  Completely  Control  1  abi  1  ty 

The  system  Eqs. (40,41)  is  completely  controllable  if 

(sufficient  condition)  the  following  matrix  is  of  full  ranks 
Gt  ( t0 ,  t,  )  =J**  <#/(t,,s>  B  ( s  >  BT(s>?r(t,  ,s>  ds  (49) 

for  t,  >  t  * 

Definition^  Complete  Observability 

The  system  is  likewise  completely  observable  if  the 

following  matrix  is  of  full  rank: 

G*<t0,t,)  =^fV's,t,>  HT(s>  ^T(s,t,>  ds  (50) 

The  inner  product  definition  now  extends  tc  the  following1-*: 
<x(t>,  A<t>  =  : T  ( t )  A  ( t )  +  /*  xT(t  +  s)  Alt  +  s  >  ds  (51) 

It  is  useful  to  study  the  time  lag  system  and  its  adjoint 
system  in  the  complex  plane.  Figure  (3)  illustrates  the  pol?-zero 
diagram  for  the  original  system  x(t)  and  its  adjoint  systern  A<t> 
for  the  scalar  time  lag  example.  System  x(t'  can  be  classified  as 
an  infinite  cimensional  system,  with  its  poles  having  a 
particular  pattern.  The  mirror  image  about  the  jejaxis  of  this 
pattern  is  the  diagram  for  A(t>,  the  adjoint  system.  Because  the 
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poles  of  x  <t>  and  A<t>  are  both  ordered.  than  tha  time  dal  ay 
system  ?(t)  is  considarad  a  hybrid  between  a  finite  dimansional 
systam  <a  finite  numbar  of  pales),  as  shown  in  Figura  (2a),  and  a 
trua  infinite  dimansional  systam  (such  as  a  partial  differential 
aquation  systam).  For  a  trua  infinita  dimansional  system,  tha 
pole-zero  pattarn  would  ba  scattared  throughout  the  complex  plana 
with  many  different  curves  extending  to  infinity  in  various 
directions  (Figura  4). 

IX.  FORHUkATiSN  OF  AN  gPJIMAl,  C0NIR01,  PRQBL£M 

The  adjoint  system  arises  naturally  in  optimal  control 
problems.  *■  Here  the  system  equation  can  be  described  by  an 
ordinary  matrix  dif ferential  equation  acting  forward  in  time  of 
the  form 

x(t>  *  F(t)  x(t)  ♦  G(t>  u(t> ,  with  *(t0)  specified  (52) 
We  wish  to  find  the  control  action  u(t)  to  minimize  a  scalar 
objective  functional  given  by 

J  *>  (1/2) CxT(t,)  S-,x(t*>3  +  (l/2)^(xTAx  -*•  uTBu)  dt  (53) 

which  is  called,  "tha  linear  quadratic  problem".  Tha  optimal 
control  law  is  specified  by 

u*  -  -  K  x (t>  (54) 

where  K  satisfies  a  Riccati  type  equation  which  has  been  studied 
extensively,  and  for  which  types  of  solutions  are  known.  »»•*•».=*» . 

Let  X(t)  satisfy  the  adjoint  aquation 

.  A(t  )  *  S,  (55) 

A<t)  ■  -  FT  X(t)  -  A  x ( t )  (56) 

With  this  formulation,  the  A  is  the  adjoint, or  dual  system, to  the 
original  system  x(t>.  Eq.  (56)  is  integrated  backwards  from  t  =  t# 
to  produce  the  cesired  result  at  t  *  t».  The  optimal  control 
condition  can  be  written  u*  =  -  B-4GT^(t),  indicating  the 
relationship  between  the  forward  control  action  and  the  backwards 
acting,  goal -speci f i c ,  perceptual  information.  We  turn  next  to 
realization  of  the  dual  equations  of  Table  1. 

x.  B  Elt!BL  formulation  SE  IbS  LiBEblbG  MQC5W 

From  the  numerous  equations  presented  in  the  earlier 
sections,  we  wish  to  find  a  set  of  equations  to  fit  those 
postulated  in  Section  I.  We  need  a  time-forward  system  to  model 
control  action  and  a  time-backward  system  to  model  perception. 
The  inner  product  operator  demonstrates  the  existence  of  an 


130-15 


invariance  which  should  hold  over  the  learning  process. 
Furthermore,  since  learning  appears  to  evolve  by  sequential 
trials,  and  we  wish  to  have  a  Formulation  that  relates  one  trial 
to  another,  then  the  time  lag  system  with  an  initial  Function 
representation  seems  quite  plausible.  Here  the  time  lag  variable? 
would  separate  diFFerent  trials.  Let  us  see  how  this  time  lag 
variable  works. 

As  argued  above,  the  most  general  Form  For  the  learning 
model  would  be  a  time  lag  system  directed  Forward  in  time  to 
represent  the  action  (control)  variable.  For  instance, 

x(t)  =  *<t>  For  t«  Ct0  -  T  ,  tol  (57) 

x(t)  =  A t  ( t )  x  ( t )  +  B, x (t  - T  >  +  C(t)  u ( t ) ,  For  t  >  t0  (58) 

where  =  the  trial  number  and  the  initial  Function  and  the 
initial  Function  #(t)  represents  hereditary  changes  due  to 
experience.  Each  trial  is  separated  by  T  units,  thus  allowing 
discontinuities  to  occur  at  t  *  to  +  n  T  where  n  is  an  integer. 
The  dual  or  adjoint  variable  required  to  measure  perceptual 
learning  could  be  modelled  by  A(t)  ,  which  is  directed  backwards 


in  time.  The  equations  For  A( t)  are  as  Follows* 

A(t)  =  -  A<t)  A*  -  A(t  +T)  (t  +  T>,  For  t«Cto,t,  -T3  (59) 

A(t>  =  -  A(t)A,,  For  t  f  Ctf  -  7  ,t*  3  (60) 

A(t*>  ■  I  (61 ) 

The  state  transition  matrices  ^(t,s)  satisFy  Eqs. (43  -  45). 


Thus,  by  the  earlier  deFinitions,  the  system  is  completely 
controllable  iF  S»(to,to)  oF  Eq. (49)  is  oF  Full  rank,  and 
completely  observable  iF  Ga(to,t*)  oF  Eq. (50)  is  also  oF  Full 
rank.  Since  the  adjoint  system  proceeds  backward  in  time,  this 
seems  to  be  a  viable  model. 

The  invariant  rule  determined  by  the  inner  product  suggests 
a  measure  oF  the  system's  innate  capacity  For  learning-to-iearn, 
or  For  Fatigue,  that  is, 

Q  =  <  A<t  > ,  x (t>  >  =  constant  (independent  oF  time)  (62) 

*  xT(t>  A<t>  +  xT(t  +  s)  A(t  +  s)  ds  (63) 

Notice  that  large  values  oF  Q  indicate  high  values  oF 
coordination  between  action  and  perception,  which  implies  a  large 
capacity  For  learning-to-learn.  By  contrast,  when  G  is  small  in 
value,  this  indicates  a  low  capacity  For  "learning-to-learn" ,  or 
may  be  related  to  subject  Fatigue. 
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XI.  AR6££NI3  SUPPQRlItfi  Ibis  LEAKNINS  «2fi£W 

Learning  may  be  beat  characterized  by  a  (possibly  nonlinear) 
hereditary/anticipatory  functional  in  lieu  of  more  simplified 
models.  Considerable  evidence  also  suggests  that  action  and 
perceptual  processes  must  be  duals  and  reciprocal  to  one  another. 
A  number  of  arguments  support  the  model  introduced  in  the  last 
section.  These  arguments  are  based  on  the  characteristics  of  the 
equations  presented  in  the  last  section  and  Mel  1  known  results 
from  research  on  learning. 

(1)  The  effects  of  learning  are  cummlative  such  that  experience 
carries  over  to  facilitate  later  performance.  The  differential 
equation  system  Eqs. 57-58  and  59-61  have  this  property  in  the 
forward  and  backward  integration  of  x(t>  and  A<t).  These  values 
determine  anticipatory  and  hereditary  influences  of  expectancies 
and  experiences  on  learning  that  accumulate  forward  and  backward 
in  time,  respectively. 

(2)  In  learning  experiments,  successive  trials  may  not  appear  to 
belong  to  the  same  set.  Learning  often  is  discontinuous 
(Thorndike's  "belongingness"  problem).  The  system  Eqs. 57-61  with 
possible  discontinutites  at  t  ■  t»  +  n  T  at  each  time  lag 
interval  T  ,  where  T  separates  each  trial,  provides'  for  this 
effect. 

(3)  Learning,  in  the  most  general  case,  may  need  to  be 
characterized  by  a  r.on-1  inear  function.  This  nonlinearity  may 
result  from  the  mutual  constraining  of  action  and  perception,  a 
"closed  loop  "model,  as  predicted  from  the  Principle  of  Mutuality 
—  the  basic  principle  of  ecological  psychology.  The  set  of 
Eqs. (57-61)  has  this  effect  where  x(t)  supports  the  past-pending 
(action)  viewpoint  and  A<t>  supports  the  future-tending 
(perception)  viewpoint. 

(4)  Although  not  yet  depicted,  from  the  symmetry  of  the  system  of 
equations  defined  over  the  temporal  (informatiom/energy)  duals, 
the  perspective  duals,  defined  by  the  reciprocal  constraints  of 
the  environment  and  organism,  can  be  easily  generalized  from 
Eqs. (57-61). 

Thus,  from  points  (3)  and  (4),  we  see  that  the  total 
formulation,  Eqs. (57-61),  provides  a  mathematically  coherent 
model  of  an  aga£ti.ve  g£25i!Si*!!!t  and  thus  provides  both  the  motive 
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and  means  for  incorporating  learning  theory  into  ecological 
psychology. 

(5)  There  are  two  types  of  learning!  action  learning 

characterized  here  by  x(t)>  and  perception  learning  characterized 
here  by  ><t>).  They  give  rise  to  two  sets  of  data  points  and 

each  changes  as  the  trial  numbers  increase.  Recall  that  <x,A  >  * 
a  constant,  hence  large  changes  occur  in  >  *  A  A  produce  large 
changes  in  x  *|x.  Thus  as  large  perceptual  changes  occur,  they 
induce  large  changes  in  the  processes  controlling  action.  Also 
small  changes  in  A  induce  small  changes  in  x.  This  is  because  of 
the  reciprocal  nature  of  these  systems. 

<6>  We  also  need  to  characterize  “learning  to  learn”  or  fatigue 
effects  within  this  adjoint  systems  context.  If  Qt  =  <x,  A  >  was 
one  experimental  condition  and  Q*  *  <x,A>  is  another  experimental 
condition,  and  if  Qi  >>  Q»,  then  a  greater  disposition  for 
learning  is  represented  by  the  first  experimental  condition.  Q* 
may  indicate  more  fatigue  to  the  subject  than  the  condition  Q*. 

(7)  Learning  theorists  know  that  the  behavior  of  a  system  depends 
on  more  than  initial  conditions.  It  also  depends  on  the  entire 
cumulative  effect  of  experience.  The  initial.  function 
representation  for  x<t>  and  A(t)  in  Eqs. (57-61 )  allows  for  this. 

(8)  The  integrodif ferential  equations  suggested  by  Shaw  &  Alley7 
for  learning,  as  depicted  in  Table  1,  are  now  seen  to  apply  to 
the  response  variable  ty(t)l  in  terms  of  the  trial  to  trial 
variables  tx<t)l  and  take  the  formt 

CYltn  »  K  CX(t)  3  +  K  <  t ,  s  >  CX  (s>  1  ds 
This  is  satisfied  by  Eqs. (37-61)  as  can  easily  be  shown. 

(9)  The  ecological  approach  to  psychology  argues  that  there 
should  be  a  duality  between  action  and  perception.  The  equations 
for  x(t>  and  A<t)  given  here,  indeed,  are  duals  in  a  strict 
mathematical  sense.  If  x(t>  is  completely  control lable,  then 

>(t)  is  completely  observable.  If  x(t>  is  completely  observable, 
then  A(t>  is  completely  controllable.  Thus  orthogonally  adjoint 
systems  provide  a  rigorous  mathematical  formulation  for  the  most 
fundamental  assumptions  of  the  ecological  approach. 

(10)  Because  action  response  measurements  tend  to  stabilize  with 
time  (e.g.  error  scares  on  the  same  task  with  repuated  trials), 
then,  conversely,  one  would  expect  the  processing  of  perceptual 
information,  the  dual  of  the  action  variable,  to  exhibit  unstable 
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response  characteristic*.  Figures  (Sa-c>  illustrate  the  form  o-f 
the  relationships  these  variables  take.  Froe  'figure  (2a)  Me  see 
that  if  x  ( t )  is  stable  (left  half  plane  pole),  then  A<t)  should 
show  unstable  characteristics  (right  half  plane  pole).  Thus  if 
x (t)  is  asymptotic  stable  in  time,  A<t>  should  shoM  an  unstable 
solution.  This  eay  help  to  explain  goal -gradient  effects,  that 
is,  Mhy  uncertainty  decreases  as  energy  expenditure  increases  as 
the  organism  approaches  its  goal.  Figure  (Sc)  illustrates  how 
this  effect  of  perceiving  and  action  being  inversely 
proportional  is  an  invariant  quantity  determined  by  the  inner 
product  operator  Q  operating  on  x(t)  and  >(t>.  Notice  that  Q, 
the  measure  of  the  disposition  to  learn,  is  illustrated  for  both 
high  Q  values  and  also  for  a  low  value  of  Q. 

XU.  Recommen da t  i_ori  s 

From  the  review  of  the  shortcomings  of  the  OCM  approach  and 
the  promise  of  the  new  approach,  the  following  recommendations 
seem  reasonablei  The  orthogonally  adjoint  systems  model  for 
learning,  transf er-of-training,  and  learning-to-learn  should  be 
theoretically  developed  and  empirically  tested  on  pursuit  rather 
than  compensatory  displays  alone. 

Furthermore,  in  order  to  assess  any  advantage  the  adjoint 
systems  approach  might  enjoy  over  the  OCM  approach,  it  would  be 
useful  to  let  the  two  approaches  compete  directly  in  predicting 
and  modelling  data  obtained  from  the  same  experimental  project  to 
see  how  they  compare  and  contrast.  However  given  the  decade  or  so 
overwhich  the  OCM  model  has  been  allowed  to  be  developed, 
refined,  and  tested,  it  would  be  both  unfair  and  unrealistic  to 
attempt  a  hasty  evaluation  of  the  adjoint  systems  approach. 
Serious  application  of  these  new  mathematical  techniques  will 
require  that  the  model  be  programmed.  The  programming  effort  in 
all  likelihood  will  require  a  few  years  of  research  and 
development  to  achieve  satisfactory  results  before  definitive 
tests  can  be  completed. 

Thus  it  is  recommended  that  this  new  approach  be  developed 
and  tested  in  phases  of  moderate  duration  in  order  to  determine 
its  theoretical  validity  and  practical  feasibility.  This  would 
require  the  col  1 aborati ve  efforts  of  experts  in  adaptive  systems 
theory  and  ecological  psychology. 
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ABSTRACT 

Pertubation  theory  Is  used  to  obtain  the  steady  state  temperature 
distribution  in  a  subcritical  spherical  self-heating  explosive.  The 
theory  is  also  used  to  obtain  the  time  constant  for  supercritical  self¬ 
heating  to  explosion.  The  effects  of  melting  with  self  heating  in  the 
liquid  scate  are  analyzed  in  slab  geometry,  an  approximate  theory  is 
developed  and  a  numerical  program  described.  Conditions  are  obtained 
for  significant  self-heating  before  melting  la  complete  and  it  is  shown 
that  the  melt  front  approaches  a  constant  velocity  as  it  proceeds  through 


the  solid. 


I.  INTRODUCTION 


Materials  that  undergo  exothermic  chemical  decomposition  reactions  can  ex¬ 
hibit  self-heating  phenomena.  At  steady  state  the  heat  lost  by  conduction  and 
or  convection  is  just  balanced  by  the  heat  generated;  however,  above  a  certain 
critical  temperature  more  heat  will  be  generated  than  tan  be  removed  by  these 
means  and  tha  temperature  will  increase  to  ignition  or  explosion.  The  phenomena 
has  been  studied  in  connection  with  the  spontaneous  Ignition  of  haystacks,^  coal 
piles2  and  wool,8  as  well  as  high  explosives.^  8  When  the  primary  heat  loss 
mechanism  is  conduction  the  treatment  of  Frank-Mamenetzky  is  most  often  quoted, 
and  when  the  major  heat  loss  is  by  convection  the  pioneering  work  of  Semenoff8*8 
applies . 

In  the  present  work  the  heat  is  generated  by  a  first  order  chemical  reaction 
and  the  conditions  for  existence  of  a  steady  state  temperature  distribution  were 
determined .  The  highest  wall  temperature  for  which  a  steady  state  exists  is  the 
critical,  temperature  for  the  explosive.  The  goal  of  the  present  analysis  is  to 
obtai..  stead  s' .  ce  temperature  profiles  for  subcritical  conditions  and  investi¬ 
gate  the  thermal  ansient  response  of  an  explosive  to  conditions  in  excess  of 
critical.  It  Is  we’ 1-known  that  for  supercritical  conditions  in  an  explosive 
there  is  an  irid  ion  time  delay  to  explosion.  Numerical  calculations  of  this 
induction  time  were  carried  out  some  time  ago^  for  slab,  cylindrical  and 
spherical  geometries.  Here,  in  Section  III,  the  calculation  for  spherical  geo¬ 
metry  is  performed  using  perturbation  theory.  The  advantage  of  this  approach 
is  that  it  yields  an  expression  for  the  induction  time  so  that  its  dependence 
on  the  thermocheaical  parameters  is  clear. 

The  theory  of  melting  with  self-heating  in  the  liquid  is  presented  in 
Section  IV  and  an  approximate  solution  obtained.  In  Section  V  a  numerical  solu¬ 
tion  to  the  problem  of  melting  during  self-heating  is  described. 


! 

1 

» 

1 

I 

m 

l’ 

l 

I 


II.  OBJECTIVES  OF  THE  RESEARCH  EFFORT 

Among  the  many  tests  required  to  qualify  an  explosive  as  an  IHE  (insensitive 

high  explosive)  are  the  thermal  tests  to  determine  the  relative  safety  of  the 

12 

material  under  conditions  of  self-heating.  In  support  of  these  tests  procedures 
for  calculating  critical  temperature  and  induction  time  must  be  developed  and 
experimentally  checked.  The  present  work  i3  an  effort  to  broaden  the  theoretical 
background  in  which  these  experimental  tests  on  EAK  (45.68%  ethylened famine 
dinitrate,  46.17%  ammonium  nitrate  and  8.15%  potassium  nitrate)  are  conducted. 

The  specific  goals  are: 

1.  Obtain  a  theoretical  estimate  of  the  thermal  time  constant  and  estimates 
of  the  temperature  profile  during  the  induction  period  prior  to  explosion. 

2.  Incorporate  into  the  theory  of  self-heating  the  simultaneous  melting 
process.  This  is  important  since  EAK  melts  well  above  ambient  temperature  (103  C) 
and  self-heating  is  only  significant  in  the  liquid  state. 


III.  PERTURBATION  THEORY  OF  SEIF-HEATING  IN  A  SPHERE 

The  thermal  energy  equation  can  be  written  for  heat  loss  by  conduction  and 
heat  generated  by  a  first  order  chemical  reaction  in  dimensionless  form  as 


If  -  7*0  +  e-1/6 

at 


(i) 


CE 


where  9  **  RT/E,  time  is  in  units  of  -r^rr  and  length  in  units  of  f — \  .  E  is  the 

QZK  l pQKZ  f 

activation  energy  of  the  reaction,  Z  is  the  frequency  factor  in  the  Arrhenius 
first  order  rate  law,  Q  the  heat  per  unit  mass  released  by  the  reaction,  p  the  mass 
density,  C  the  heat  capacity,  X  the  thermal  conductivity  and  R  the  gas  constant. 
Using  0(r,t)  »  8g(r)  +  ®(r,t)  and  expanding  about  the  steady  state,  eq  (1)  becomes 


|f  -  726  +  f(?)5 


(2) 
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,  The  conditions  which  lead  to  a  solution  of  eq  (3)  have  been  extensively  in- 
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vestigated  and  exact  solutions  are  available  for  slab,  cylindrical  and  spherical 

geometry  in  terms  of  known  functions.  For  simplicity  and  consistency  the  approxi- 

0-0u 

mate  solution  to  eq  (3)  obtained  for  — — —  <<1  is  used  here.  It  is  expressed  in 

0w 

spherical  geometry  by 


0  (r)  -  0  +  02 

8  W  W 


U(Bl>  ) 


where  j  is  the  spherical  Bessel  function  of  the  first  kind,  B  -  — g -  and  0^ 

is  the  dimensionless  wall  temperature  at  r  ■  L.  The  temperature  difference  AT 
between  the  center  and  outside  (wall)  radius  of  a  one  liter  sphere  of  EAK  is  ob¬ 
tained  from  eq  (4)  and  presented  in  Table  I. 

Table  I 

Temperature  difference  AT  in  a  self-heating  1  liter  sphere  of  EAK 
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The  solution  to  the  time  dependent  eq  (2)  for  spherical  geometry  is  obtained 


by  using  f(r)=f(L) 


B2  and  separating  variables.  The  result  is 


6(r,t) 


es(D  +  l  Anjo(yn  £) 

n  "  1 


(5) 


where  A  's  are  determined  from  initial  conditions  and  the  v  's  are  the  zeros  of 
n  'n 

the  Bessel  functions  =*  0 j .  Considering  only  the  1st  term  in  the  series 

and  taking  =*  ,  then  the  time  constant  t,  for  the  self-heating  leading  to 

explosion  is  given  by 


,  1  /  CE  \ 

T  *  B2-B2  yQZR J 


(6) 


This  time  constant  is  presented  as  a  function  of  temperature  in  Table  II  for 
a  one  liter  sphere  of  EAK.  1 

i 

\ 

Table  II  j 


Time  Constant, 

for  a  1-liter  sphere  of  EAK 
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XV.  MELTING  WITH  A  SELF-HEATING  LIQUID;  APPROXIMATE  THEORY 

The  melting  process  is  considered  in  a  one  dimensional  semi-infinite  system. 

The  solid  surface  is  initially  located  at  x«0  with  solid  material  in  the  range 

Os  «».  It  is  assumed  that  the  solid  is  uniformly  at  the  melting  temperature  Tp. 

At  t*0  the  temperature  of  the  x“0  boundary  is  raised  and  fixed  at  I  >T  . 

w  p 

As  heat  flows  into  the  solid  melting  begins  and  the  liquid  formed  begins 
to  self-heat.  The  transient  heat  conduction  equation  for  the  liquid  with  heat 
generation  by  a  first  order  chemical  reaction  can  be  put  in  the  form 


3n 

at 


a 


+  6e 


(7) 


where 
n(x,t) 

the  thermal  diffusivity  a  ■  1/pc  and  8 


RT  2 

w 


^T(x.t)  -  Tpj. 


K  -  "»)• 


The  heat 


balance  at  the  solid-liquid  Interface  located  at  Xp(t)  can  be  expressed  by 


3n\ 


axJ 


dX 

_ E 

dt 


'Xp 


(8) 


AHfE 

where  S  ■  with  AH^  «  latent  heat  of  fusion.  The  approximate  form  for 

V  13 

n(x,t)  used  by  Goodman  for  similar  problem  is  used  here  in  th*.  form 


n(x,t)  -  A(t) [X  -  X^Ct) ]  +  B(t) [X  -  X  (t)]2 
P  P 

using  dn(Xp(t)ft)  »  0 


(9) 


(10) 
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Inserting  eq  (7)  and  (8)  into  (10)  yields 


Sa  y  +  SBe'1 


at  X  (t).  Eqs  (9)  and  (11)  and  the  wall  condition  n  «  AX  +  BX  2  yields  the 
p  w  P  P 


following  expressions  for  A  and  B 


?[*  -^w^} 


,  n 
P  P 


Substituting  eqs  v9)  and  (12)  in  (8)  gives  X^ 
which  can  be  integrated  to  give 


«J  2n  X1  ] 

-“P1  +  sr+s5rs 


/ 1  +  y  +  y  -  /r+T  +  In 


.  e- 

\/l  +  p  -  1  /  So 


4.H  -V 

W  ^2 

where  u  *  7^-  ,  y  "  Xp,  t'  are  dimensionless.  Eq  ll3)  is  plotted  in  Figure  1 
for  five  values  of  y. 

The  condition  for  a  maximum  temperature  Tffl,  in  the  liquid  above  the  wall 
temperature,  that  is  when  there  is  significant  self-heating,  can  be  expressed  as 
)  >0  which  leads  to  the  condition  y  >  y(l  +  y).  The  location  of  this  max- 

3X/x-o 

imim  temperature  is  then  given  by 


y  .  +  h  +  y  -  (1  ♦  u) 

m  2  »T  +  u  +  y  -  2  -  y 


j»  -  •  >•  •  *  r  *■ 


it  ^  / 


r i cure  j.di hens ionless  plot  or  thc  location  or  the 
n*»II1tfl  TEUPERATURE  A5  A  fUCTION  or  t ire 
•  FOR  A  RANCE  Of  WALL  TEMPERATWRC  PARAMETER.^!* 
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*.  Av.r 


and  its  value  by 


It- 


“m 


(/l  +  y  +  y-  l) _ 

2(/l  +  y  +  y-  l)- 


(15) 


where  y 


2C 

AH, 


(T  -  T  )  .  Figures  2  and  3  display  y  /y  and  y  respectively, 
m  p  m  m 


The  velocity  of  the  melting  front  v^,  obtained  by  dif ferentation  of  eq(13)  is 
given  by 


X  a  r  _ 

■j2  -  —  [/l  +  y+  y-  l] 

‘  P 

•  vp  ’  [fe)  “p(‘  S; *  .5v). 


(16) 


Then  in  the  limit  as  X 


velocity  of  the  melting  front  with  heat  generation. 


the  limiting 


V.  MELTING  WITH  SELF-HEATING  IN  A  LIQUID:  NUMERICAL  CALCULATION 

The  two  phase  system  is  considered  in  slab  geometry  with  slab  4-width  L. 
Initially  the  slab  is  all  solid  with  ambient  temperature  Tq.  At  t  •  0  the  wall 
temperature  is  raised  to  Ty>Tp  where  Tp  is  the  melting  point.  The  conduction 
equation  with  heat  generation  in  the  liquid  phase  is 


32T  3T 
"al  3X2  +  3 1 


1  -(f)  «’{-  h) 


(17) 


and  in  the  solid  phase  where  no  heat  is  generated 


5  T,  3T 

+  —  *  0 


2  3X2  3t 


(18) 


The  heat  balance  at  the  interface  is  given  by 


3T1 
*1  3X~ 


*2  3X 


■m 


dX 

_ £ 

dt 


(19) 


1“"“' 


r..- 

r.  - 


K- 


*v 


:>  ’ 


:  w  » 

v' 


» »<  „  * 


& 


<\r  y 

■r.v, 

rii 
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q 

•*  *  v* 
$ 


where  X^(t)  is  the  location  of  the  melt  line  (see  sketch  in  Figure  4), 


FIGURE  4.  THE  COORDINATE  FRAME  FOR  A  MELTING  FINITE  SLAB 
WITH  SELF-HEATING 


follows.  For  a  fixed  and  considering  the  liquid 

boundary  conditions  are  T, (L,t)  *»  T  ,T, (X  ,t)  * 

i  w  I  p 

For  an  initial  temperature  distribution  T^(x,0)  » 
temperature  distribution  after  an  assumed  time  in¬ 
terval  At  can  be  calculated  from  the  exact  expressions  for  the  above  boundary  con- 

.  14 

dltions, 

Tj(x,t)  -  T  +  l  exp  I  —a.  (2j  +  1)  VtMx2*  )  cos 
P  P  j  "  0  \  p' 


The  numerical  procedure  is  as 
inert  (Z  ■  0  in  eq  (17)),  the 

W‘>  •  Tp  *nd 

f  (x)  and  T.(x,0)  -  f  (x)  the 
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£ 


lr;T 


v*.- 


where 


The  temperatures  at  each  spacial  station  are  then  increased  by  an  amount  AT 


Q 


1T0  •  (^i)“p  (-  Hyfel))  <22) 

which  accounts  for  the  heat  generated  by  the  chemical  reaction.  The  temperature 

distribution  is  then  used  to  compute  the  temperature  gradients  at  the  solid-liquid 

dX 

boundary  and  through  the  use  of  eq  (19)  determine  .  For  the  melt  line  to 

advance  a  spacial  step  AX,  requires  a  time  At'  «  AX/(dX  /dt).  If  At'i^At  then  a 

P 

new  value  of  At  is  assumed  and  the  calculation  of  At'  repeated  until  At'  «  At  to 
within  12.  Then  is  advanced  into  the  solid  by  AX  and  using  the  temperature 
distribution  from  the  last  step  as  the  initial  distribution,  the  process  is  re¬ 
peated,  In  the  sample  calculation  shown  in  Figure  5  some  self-heating  prior  to 
complete  melting  is  evident.  The  physical  constants  and  parameters  used  in  this 
calculation  are  typical  values  and  do  not  represent  any  particular  explosive. 

Only  20  spacial  steps  were  used  in  the  sample  calculations.  The  position  of  the 
melting  front  as  a  function  of  time  is  shown  in  Figure  6  and  Figure  7  shows  the 
velocity  of  the  melting  front  as  a  function  of  time.  Note  that  this  velocity 
rapidly  approaches  a  constant  a3  the  melt  line  proceeds,  just  as  was  found  in 
Section  IV  for  the  case  of  the  solid  intially  at  the  melting  temperature. 


*  J 


t.  cn 


FICURE  5 .  TRANSIENT  TErPERATURE  PR0riLES;L*1  Crl 
AH/e  »10.O2/C«4* I0T20  t/S.E-18  AC.Ai,«^m 
«i>  P  81  lCMT2l/S.t-»?8a'C.T.  .20*c, 

T.  «0'C.T(tU0.  II  S,T12)*0  55  5.T(S)«I.S4  S. 
t(4l»2  47  S. T (5) *3  83  5.20  SPACIAL  STEPS 
MERE  USED  WITH  20  TERrtS  IN  THE  SUDS  IN 
EOS. I20IANDI2I) . 


TIK,  t 


FI CURE  0. Th£  POSITION  OF  THE  HElTINC  FRONT  AS  A 
FUNCTION  OF  TIME. 
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VI.  RESULTS  AND  DISCUSSION 


The  pertubatlon  theory  presented  in  Section  III  indicates  that  substantial 

temperature  increases  due  to  self-heating  occur  only  when  the  critical  temperature 

is  closely  approached.  In  the  EAR  example  presented  in  Table  I,  it  is  shown  that 

just  5*C  below  critical  temperature  the  temperature  rise  due  to  self-heating  is 

only  15°C,  yet  at  l^C  below  critical  it  rises  256°C.  The  same  theory  demonstrates 

the  sensitivity  of  the  induction  time  constant  to  the  wall  temperature.  From 

Table  II,  raising  the  wall  temperature  from  1  to  20°C  above  critical  lowers  the 

induction  time  from  17  hours  to  4  minutes. 

The  approximate  theoretical  analysis  of  the  melting  process  with  self-heating 

results  in  dimensionless  plots  of  the  melting  front  position,  the  maximum 

temperature  and  its  location  as  functions  of  time.  The  curves  of  melting  front 

position  vrs,  time  plotted  in  Figure  1  would  all  be  linear  if  there  was  no  self- 

13 

heating,  the  case  treated  by  Goodman.  It  is  also  noted  that  the  slope  of  all  the 

the  curves  in  Figure  1  approach  a  constant  value  indicating  a  limiting  constant 

velocity  for  the  advance  of  the  melting  front.  This  is  in  contrast  to  the  monatonic 

decrease  of  the  melting  front  velocity  with  increasing  when  there  is  no  self- 
13 

heating.  A  limiting  velocity  was  also  observed  for  the  numerical  example  as 
shown  in  Figure  7. 

The  assumptions  made  throughout  this  work  are  that  heat  loss  is  by  conduction 
and  heat  generation  is  by  a  first  order  chemical  rate  process.  Preliminary  obser¬ 
vations  of  a  one-liter  EAK  sphere  raised  to  180°C  (~20°C  above  critical  tempera¬ 
ture)  indicate  that  gaseous  reaction  products  generate  strong  convection  currents 
in  the  liquid  while  generating  little  heat.  These  results  case  doubt  on  the 
validity  of  both  assumptions.  In  future  work,  a  more  sophisticated  rate  express¬ 
ion,  even  including  reactant  consumption  such  as  was  done  by  Boddington  et  al,^ 
could  be  incorporated  into  the  numerical  theory. 
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VIII.  RECOMMENDATIONS 

The  two  major  assumptions  in  all  of  the  work  presented  here  are: 

1.  All  heat  removal  is  by  conduction. 

2.  The  chemical  reaction  in  the  explosive  is  a  simple  first  order  reaction. 

The  first  assumption  will  always  give  a  lower  critical  temperature  than  the 

observed  value.  For  most  applications,  t! is  provides  a  safety  factor.  However, 
the  errors  due  to  assumption  2  are  unpredictable  and  could  be  very  large.  Much 
work  needs  to  be  done  on  a  more  realistic  chemical  kinetic  model  for  the  specific 
explosive  under  consideration.  For  EAK  laboratory  chemical  kinetic  studies  are 
needed.  Once  this  done,  a  more  realistic  theory  could  be  developed  following 
the  procedures  of  Section  IV  or  a  more  accurate  numeri>  al  calculation  could  be 
carried  out  following  Section  V  with  the  only  modification  being  in  the  form  of 
eq  (22). 
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by 

Harold  C.  Sorensen 
ABSTRACT 

The  feasibility  of  using  the  Matrix  Difference  Equation  (MDE) 
theory  to  obtain  computational  efficiencies  in  continuum  finite  element 
codes  is  investigated  in  this  research.  The  study  centered  around  the 
SAMSON2  code,  which  is  a  state-of-the-arc  2-D  code  for  dynamic  struc¬ 
tural  analysis  undergoing  development  within  AFWL/NTE.  The  SAMS0N2  code 
was  studied  in  detail.  From  this  study  it  was  learned  that  solutions 
obtained  with  the  use  of  the  higher  order  elements  are  in  error  and  that 
the  slideline  concept  is  not  being  used  as  it  was  originally  intended. 
Correcting  these  algorithms  in  the  code  would  make  the  code  more  effi¬ 
cient  and  accurate.  A  brief  summary  of  the  theory  associated  with  the 
SAMS0N2  code  is  presented. 

A  study  of  the  MDE  method  was  begun.  The  method  has  been  shown  to 
reduce  the  computational  effort  for  a  certain  class  of  elastic  struc¬ 
tures.  Extension  to  the  non-linear  case  appears  feasible.  A  brief  sum¬ 
mary  of  the  MDE  method  is  given.  A  section  on  recommendations  for 
further  research  in  these  areas  is  also  included. 
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I.  INTRODUCTION 


The  Matrix  Difference  Equation  (MDE)  method  ie  a  atate-of-the-art 
technique  which  has  been  used  in  the  free  and  forced  vibration  analyses 
of  spatially  periodic  structures,  where  a  spatially  periodic  linear 
elastic  structure  is  a  linear  array,  either  longitudinally  or  circum¬ 
ferentially,  of  identical  substructures.  The  aethod  takes  advantage  of 
the  repetitive  nature  of  the  structure  so  that  the  order  of  the  matrices 
involved  in  the  solution  is  approximately  equal  to  the  number  of  degrees 
of  freedom  on  one  substructure  boundary.  Therefore,  significant  cost 
savings  in  computing  can  be  expected  compared  to  analysis  by  conven¬ 
tional  finite  element  techniques.  This  aethod  was  pioneered  by  Mr.  Paul 
Denke,  who  is  an  employee  of  the  Douglas  Aircraft  Corporation  (DAC). 

Dr.  Timothy  J.  Ross,  who  is  an  employee  of  the  Air  Force  Weapons 
Laboratory  (AFWL),  became  aware  of  the  MDE  aethod  through  informational 
brochures  published  by  DAC  which  circulated  through  AFWL.  He  obtained 
more  information  on  MDE  from  DAC  and  concluded  that  the  method  might  be 
used  to  reduce  the  computing  costs  associated  with  SAMS0N2  which  is  a 
nonlinear,  inelastic  finite  element  code  used  by  AFWL  personnel  to  solve 
problems  involving  dynamic  analyses  of  above  ground  and  buried  struc¬ 
tures,  i.e.,  scil-structure  interaction  problems.  Hence,  a  feasibility 
study  of  the  use  of  the  MDE  method  became  apparent. 

My  formal  educational  training  is  in  Civil  Engineering  (B.S.)  and 
Engineering  Mechanics  (M.S.  and  Ph.D.).  I  have  taught  university  courses 
in  structural  analysis  and  design,  computer  methods  in  structural  analy¬ 
sis,  design  of  foundation  elements  and  structural  dynamics  for  the  past 
eighteen  years.  When  my  application  for  the  AFOSR-SFRP  was  circulated 
in  AFWL,  it  was  decided  that  my  expertise  matched  that  required  for  the 
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feasibility  study  of  the  HUE  method.  As  a  result  I  was  awarded  a  SFRP 
fellowship  for  summer  '84  to  initiate  the  study. 

II.  OBJECTIVES  OF  THE  RESEARCH  EFFORT 

The  goal  of  this  research  effort  is  to  effect  computational  effi¬ 
ciencies  in  the  numerical  algorithms  of  continuum  finite  element  com¬ 
puter  codes  used  in  dynamic  soil-structure  interaction  analyses.  As  a 
means  of  accomplishing  this  goal  during  the  sutner  appointment  period, 
the  SAMS0N2  code  will  be  used.  This  code  is  a  state-of-the-art  research 
tool  undergoing  development  within  AFWL/HTE. 

Although  the  research  effort  will  be  centered  around  the  SAMSON2 
code,  the  general  theory  should  be  adaptable  to  other  continuum  finite 
element  codes. 

Progress  in  the  development  of  the  efficient  numerical  algorithms 
will  be  documented  in  a  final  report  covering  the  summer  research 
period.  The  final  report  will  contain  suggestions  for  further  com¬ 
putational  efficiencies  and  will  contain  a  discussion  on  any  techniques 
found  to  be  less  efficient  than  the  current  SAMS0N2  algorithms. 

III.  APPROACH  TO  ACCOMPLISH  RESEARCH  OBJECTIVES 

The  objectives  stated  above  are  accomplished  by  investigating  three 
research  task  areas.  These  task  areas  are  all  independent  and  the  accu¬ 
mulated  sum  of  the  independent  task  efforts  should  satisfy  the  overall 
objectives  of  the  research.  These  thres  task  areas  are: 

Task  1.  Use  the  MDE  method  to  reduce  the  sice  of  the  algebraic 
solution  matrix, 

a.  Review  the  procedures  which  pertain  to  linear  elastic 
structures  which  are  spatially  periodic. 
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b.  Investigate  adaptations  of  this  symsu  try  restriction 
to  geometries  of  continuum  elements  which  have  more 
than  one  plane  of  symmetry.  This  9tep  will  deal  with 
many  substructures  within  an  extended  spatial  field  in 
which  each  substructure  will  be  assumed  spatially 
periodic  within  its  boundary. 

c.  Develop  a  procedure  to  combine  the  individual 
substructure  characteristics  into  the  total  model 
solution  matrix. 

Task  2.  Begin  the  development  of  a  soil-structure  interaction 

element  which  is  both  compatible  with  the  MDE  theory  and 
the  cuirent  numerical  integration  schemes  of  the  SAMS0N2 
code. 

a.  Become  familiar  with  the  parameters  which  have  been 
used  to  characterize  structure-medium  interaction 
modeling. 

b.  Formulate  an  element  which  takes  these  parameters  into 
consideration  for  use  in  the  SAMS0N2  code. 

c.  Implement  the  new  element  into  the  SAMS0N2  code  and 
run  test  solutions. 

Task  3.  Investigate  the  impact  of  the  MDE  method  on  the  higher 

ordered  finite  elements  presently  available  in  the  SAMS0N2 
code . 

a.  Become  familiar  with  thj  operation  and  use  of  the 
SAMS0N2  code. 

b.  Investigate  the  code  definition  of  the  finite  elements 
beginning  with  the  lowest  order  element  and  progressing 
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Co  the  highest  order  element. 

c.  Incorporate  the  MDE  theory  into  the  existing  code  ele¬ 
ment  definitions  <s  appropriate. 

IV.  NARRATIVE  OF  THE  RES JITS  OF  EACH  APPROACH 

This  narrative  will  include  all  three  approaches  and  will  give  the 
accomplishments  achieved  in  each  task.  The  order  in  which  the  tasks 
were  stated  is  not  the  order  in  which  the  tasks  were  performed.  This 
narrative  will  present  the  tasks  in  the  order  they  were  performed. 

The  first  and  probably  the  most  important  aspect  of  having  a  suc¬ 
cessful  summer  was  to  become  familiar  with  the  operation  and  use  of  the 
SAMS0N2  code  (Task  3a)**  Two  graduate  students  (CSSSP  students  accom¬ 
panying  me)  were  directed  to  learn  the  CRAY  computer  syntax  and  JCLs  in 
order  to  learn  how  to  run  a  problem  solution  using  SAMSON2,  including 
how  to  input  data,  run  the  program  and  interpret  the  output.  While  the 
students  were  performing  this  task,  I  was  studying  the  two  manuals*** 
for  the  SAMSON 2  code  learning  how  to  develop  an  appropriate  set  of  input 
data.  I  chose  to  develop  the  input  data  for  a  simple  cantilever  beam 
with  a  concentrated  load  ac  the  free  end.  I  used  16-4  node  continuum 
elements  for  the  finite  element  model.  The  input  for  a  solution  of  the 
same  cantilever  beam  using  64  rectangular  continuum  elements  was 
available  in  the  users  manual  and  served  as  a  gui'  for  the  input  for 
my  sample  solution.  This  simple  example  was  chosen  because  the  mathe¬ 
matical  solution  by  basic  mechanics  principles  was  also  easily  obtained 
and  used  as  a  check  on  the  output  of  the  computer  solution  for  ease  of 
interpretation  and  understanding. 

*  The  information  in  the  parentheses  tefers  to  the  Task  list  statod  in 
Section  III  -  APPROACH  TO  ACCOMPLISH  RESEARCH  OBJECTIVES. 

Superscript  numbers  refer  to  references  given  in  the  bibliography. 


When  Che  input  data  were  completed,  the  students  were  asked  to  run 
the  problem  using  SAMS0N2.  Much  dialogue  took  place  between  ua  and  our 
AFWL  colleagues  as  we  struggled  to  obtain  a  successful  computer  run  for 
this  problem.  We  were  eventually  successful  and  the  results  of  the  com¬ 
puter  solution  compared  favorably  to  the  theoretical  calculations.  To 
reinforce  the  students*  learning  process,  they  were  asked  to  obtain 
complete  solutions  including  development  of  the  input  data  to  the  sane 
beam  five  other  ways  usinj  different  elements  and  different  loads.  At 
the  completion  of  this  task,  a  good  proficiency  level  was  reached  with 
respect  to  the  operation  and  use  of  the  SAMS0N2  code.  As  a  test  of 
this  proficiency,  the  two  students  were  asked  to  obtain  the  computer 
solution  for  a  “real“  problem  which  had  been  previously  obtained  by  per¬ 
sonnel  at  AFWL.  This  proved  to  be  a  very  educational  experience  for  the 
students  as  they  became  aware  of  the  trials  and  tribulations  associated 
with  real  world  problems. 

After  this  very  beneficial  initial  learning  period,  attention  was 
now  directed  to  understanding  some  of  the  finite  elements  concepts  and 
principles.  Steve  Miller  (G.S.)  was  assigned  to  investigate  the  code 
definition  of  the  various  elements  in  the  code  and  to  obtain  an  IBM  com¬ 
patible  version  of  the  SAMS0N2  code  (Task  3b).  Bob  Bigelis  (G.S.)  was 
assigned  to  begin  the  development  of  a  soil-structure  interaction  ele¬ 
ment  (Task  2a)  and  to  become  familiar  with  another  powerful  finite  ele¬ 
ment  code  available  at  AFWh  called  ANSYS.23  I  began  a  study  of  the 
finite  element  theory  in  order  to  guide  the  students  and  to  be  able  to 
understand  the  MDE  method  theory  (Task  la). 

Each  of  the  two  graduate  students  will  summarize  their  research 
activities  in  an  individual  final  report.  I  will  give  only  a  brief  sum¬ 
mary  of  each  student's  activities  here. 
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Steve  Miller  worked  for  two  weeks  in  attempting  to  obtain  an  IBM 
conpatlble  version  of  SAMS0N2.  Be  eliminated  all  of  the  diagnostics 
generated  by  the  IBM  compiler.  Then  in  attempting  to  run  a  sample 
problem,  underflow  problems  in  the  solution  were  encountered.  Steve  did 
not  have  the  time  or  the  computer  programing  background  to  correct  this 
problem,  so  the  task  wes  transferred  to  APVL  personnel.  During  the 
remainder  of  the  ten  week  period,  he  made  e  very  thorough  study. 
Including  references  to  finite  element  theory,  of  the  program  statements 
in  SAMS0N2  as  they  relate  to  a  solution  using  a  constant  strain  triangle 
continuum  finite  element.  Steve  is  now  very  familiar  with  the  code  and 
associated  finite  element  theory  and  should  be  able  to  accomplish  some 
of  the  tasks  (Task  3b  and  Task  3c)  which  we  hope  to  continue  in  regard 
to  the  impact  of  the  MDE  theory  on  the  higher  order  finite  elements  in 
SAMS0N2 . 

Bob  Blgelia  worked  several  weeks  learning  ANSTS.  He  is  now  fairly 
proficient  in  the  use  of  this  code  as  he  has  run  computer  solutions  of 
several  very  practical  problems  using  shell  elements.  During  the 
remainder  of  his  ten  week  period,  he  studied  the  slideline  formulation 
in  the  SAMS0N2  code,  including  the  soil-structure  Interaction  concepts 
and  the  various  failure  criteria.  He  has  developed  a  good  background  in 
this  topic,  which  should  allow  him  to  accomplish  some  of  the  tasks  (Task 
2b  and  Teak  2c)  which  we  hope  to  continue  in  regard  to  development  of  a 
soil-structure  Interaction  element  which  is  both  compatible  with  the 
MDE  theory  and  the  current  numerical  integration  schemes  in  the  SAMS0N2 
code. 

I  have  never  had  a  formal  course  In  finite  element  theory. 

Although  I  have  attended  several  short  courses  on  the  subject  and  am 
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familiar  with  many  of  the  concepts  from  teaching  and  use  of  the  stiff¬ 
ness  matrix  method,  I  needed  some  remedial  work  on  the  subject.  Therefore 
I  spent  several  weeks  studying  finite  element  theory  3, 4,5, 6  £n  conjunc¬ 
tion  with  a  more  indepth  study  of  SAMSON2.  This  lead  to  brief  studies 
of  other  topics  such  as  substructuring,  static  condensation  of  matrices, 
fast  Fourier  transforms  and  soil-structure  interaction.  These  studies 
also  provided  backgound  information  for  my  later  study  of  the  MCE  method. 

I  also  reviewed  finite  difference  techniques^  because  one  of  the 
main  algorithms  in  SAMS0N2  is  based  on  these  techniques. 

Arter  these  initial  activities,  I  spent  the  remainder  of  my  eight 
week  summer  period  learning  as  much  as  possible  about  the  MCE  method. 

This  was  done  by  studying  a  report®  on  the  method  written  by  P.  Denke, 
Douglas  Aircraft  Corporation  (DAC)  and  other  references  from  the  scien¬ 
tific  literature.9* ^ ^  j  worked  through  a  simple  example  problem, 
which  helped  immensely  to  understand  the  concepts  of  the  method  and,  to 
gain  further  insight  into  the  method,  visited  with  Mr.  P.  Denke  in  his 
office  of  Douglas  Aircraft  Corporation  in  Long  Beach,  California.  1 
believe  that  I  have  learned  enough  about  the  MDE  method  to  be  able  to 
accomplish  some  of  the  tasks  (Task  lb,  Task  2c  and  Task  3c)  which  I  hope 
to  continue  in  regard  to  the  use  of  the  Matrix  Difference  Equation 
theory  to  reduce  the  size  of  the  algebraic  solution  matrix. 

V.  SUMMARY  OF  THE  SAMS0H2  CODE1  (Task  3a) 

The  SAMSON 2  computer  program  is  a  two-dimensional  code  for  the 
dynamic  structural  analyses  of  plane  and  axisymmetric  solids.  The 
program  uses  explicit  time  integration  and  is  particularly  suited  to  the 
analyses  of  large  displacement,  large  strain  problems  involving  non¬ 
linear  material  behavicr  and  structure-media  interface  (SMI)  problems. 


It  has  been  specifically  developed  lor  the  dynamic  response  analyses  of 
buried  structures  subjected  to  shock  loading.  It  can  also  be  used  to 
analyse  above  ground  structures. 

The  finite  elesient  library  in  the  code  includes: 

*  bar  element 

*  straight  and  curved  beam  elements 

*  axisymmetric  shell  element 

*  triangular  continuum  element  using  either  three,  five  or  six  nodes 

*  quadrilateral  continuum  element  using  either  four  or  eight  nodes 
These  elements  can  be  combined  in  any  consistent  manner  to  model  plane 
or  axis/maetric  SMI  problems. 

The  code  contains  provisions  for  multiple  integration  time  steps 
(subcycling)  and  has  a  structure-media  interface  modeling  feature  that 
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permits  sliding,  separation  and  impact  between  two  materials  and  also 
accurately  treats  large  relative  tangential  displacements  at  the  inter¬ 
face. 

The  program  is  restricted  to  lumped  mass  solutions  and  uses  an 
explicit  central  difference  method  in  the  time  domain  for  which  the 
accelsration  is  assumed  constant  over  the  time  step,  the  velocity  is 
evaluated  at  the  half  time  step  and  the  displacement  is  evaluated  at  the 
end  of  the  time  step.  The  explicit  central  difference  method  does  not 


require  the  solution  of  any  equations  in  advancing  s  time  step. 
Consequently,  the  program  does  not  evaluate  a  stiffness  matrix. 

However,  the  program  requires  a  relatively  small  time  step  for  stability 
of  the  solution.  There  are  also  provisions  for  maintaining  an  energy 
balance  and  for  accounting  for  the  "hour  glass  effect".  The  program 
calculates  the  accelerations,  velocities,  displacements,  strains  and 
stresses  in  the  finite  elements  at  each  time  step. 
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The  basic  equations  used  in  the  code  are  as  follows. 

The  governing  equations  of  motion  for  the  finite  element  mesh  in 


explicit  form  art 


MM  tMfiJ  W"*- 

where  is  the  matrix  of  nodal  displacements,  [M]  the  mass  matrix,  [Cj 
the  damping  matrix,  the  noflal  forces  whi'.  n  are  obtained  from  the 
resistance  of  the  finite  elements  to  deformation  and  f-f j  the  nodal 


forces  arising  from  external  loads.  The  superposed  dots  denote  time 
derivatives,  so  fuj  are  the  nodal  velocities  and^ii j  are  the  nodal  acce¬ 
lerations  . 


The  nodal  accelerations  at  any  time  step  are  obtained  from  the 
equations  of  motion,  Eq.  1,  as 

WMK!"(fCMfrt-E‘JWn'4)  (2) 

where  n  denotes  any  particular  time  step  and  n-$  indicates  the  previous 
half  time  step.  The  new  nodal  velocities  and  nodal  displacements  are 
determined  from  the  central  difference  formulas 


W*1 

=  fij-it  M{uJn 

(3) 

Nnt' 

=  {u}n  +4tjaJn*j 

w 

where  fractional  superscripts  denote  midstep  values. 

With  initial  conditions  for  U.  and  U>  known,  the  program  calcu- 

;•  i  .  0+L  i 

lates  U-  from  Eq.  2,  then  calculates  U.  1  from  Eq.  3  and  It  from 

Eq.  4.  Then  from  appropriate  material  laws,  etc.,  strains  and  stresses 

are  calculated  and  one  cycle  is  complete.  All  parameter  values  are 

updated  and  the  procedure  is  repeated.  This  process  continues  through 

the  time  domain  desired  for  the  solution.  Large  problems  can  require 

large  amounts  of  computer  time.  Hence,  there  is  a  need  for  finding  and 

implementing  techniques  which  will  result  in  reduced  computing  t.ime. 


VI.  SUMMARY  OF  THE  MDE  METHOD8.9  (Task  la) 

The  MDE  method  has  been  incorporated  into  a  finite  element  computer 
program  which  has  been  used  successfully  by  Douglas  Aircraft  Corporation 
to  solve  problems  involving  bounded  vibrating  spatially  periodic  struc¬ 
tures.  The  order  of  the  matrices  to  be  solved  is  approximately  equal  to 
the  number  of  degrees  of  freedom  of  one  substructure  boundary.  This 
concept  can  be  demonstrated  through  the  use  of  a  simple  example  problem 
as  follows. 

Consider  a  simply  supported  beam  modeled  by  six  identical  beam  ele¬ 
ments  as  shown  in  Figure  1<  For  each  beam  element,  there  exist  four 
degrees  of  freedom,  one  translation  and  one  rotation  at  each  end.  Thus 
the  beam  has  twelve  degrees  of  freedom  since  two  displacements  are 
constrained  to  be  zero  at  the  beam  supports.  The  standard  procedure  for 
this  problem  would  require  the  solution  of  a  set  of  twelve  simultaneous 
equations  (or  appropriate  numerical  techniques)  to  obtain  the  eigen¬ 
values.  By  contrast  the  MDE  method  would  require  the  solution  of  only 
two  simultaneous  equations  (this  is  the  number  of  degrees  of  freedom  of 
one  element  boundary,  i.e.,  one  translation  and  one  rotation)  into  which 
different  parameters  would  be  substituted  seven  different  times.  Two  of 


a)  En^ife.  beam 

Ntfhe  •  Tbe  numbers  in  +be  hexes  indicate  element"  numbers. 
Tbe  other  numbers  des igna+’e  +be  node s- 

e.  _ Q _ n  indicates  -Hie  n**1  element 

b)  One  element  J 

figure  1.  finite  element  model  d  Q-  Simple  beam. 
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the  seven  different  calculations,  which  are  associated  with  the  end  ele¬ 
ments,  yield  modes  which  give  zero  displacements  everywhere  and  are, 
therefore,  discarded  to  give  the  required  twelve  eigensolutions .  The 
computer  solution  for  the  MDE  method  would  be  much  faster  than  that  for 
a  standard  solution. 

The  objective  of  the  MDE  approach  la  to  develop  methods  of  analysis 
for  free  and  forced  vibrations  of  spatially  periodic  structures  that 
take  advantage  of  the  periodicity.  The  method,  at  present,  has  been 
applied  only  to  periodic  elastic  structures  which  have  simply  supported 
or  guided  ends.  It  is  dependent  upon  the  substructure  being  symmetric 
about  a  median  axis ,  and  damping  is  a  linear  combination  of  assembled 
mass  and  stiffness  matrices  for  which  a  modal  transformation  decouples 
the  degrees  of  freedom. 

The  MDE  approach  is  based  on  a  finite  element  model  of  a  single 
substructure.  Writing  the  equations  of  dynamic  equilibrium  and  com¬ 
patibility  of  displacements  between  adjacent  substructures  leads  to  a 
matrix  difference  equation.  The  solution  of  this  difference  equation 
and  satisfaction  of  the  end  conditions  yield  the  displacement  and  inter¬ 
nal  force  responses  of  the  structure. 

The  method  is  analogous  to  the  differential  equation  analysis  of  a 
uniform  vibrating  beam  in  which  an  infinitesimal  element  is  considered. 
Differential  equations  expressing  dynamic  equilibrium  of  the  element  and 
compatibility  of  displacements  are  written.  Solutions  to  these 
equations  satisfying  the  boundary  conditions  are  found.  A  key  point  in 
this  analogy  is  that  only  one  differential  element  requires  considera¬ 
tion,  since  all  of  the  other  infinitely  many  elements  are  identical.  By 
comparison,  in  MDE  theory  the  difference  equation  is  analogous  to  the 
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differential  equation  and  only  one  subatructure  (differential  element) 
requires  consideration. 

The  finite  element  method  is  applied  to  the  substructure  in  order 
to  obtain  a  mechanical  impedance  matrix,  baaed  upon  conditions  of 
equilibrium  and  compatibility  at  substructure  boundaries.  The  order  of 
the  difference  equation  is  reduced  by  eliminating  force  variables  and 
introducing  substructure  displacement  modes.  A  solution  is  found  by 
calculating  eigenvalues  and  eigenvectors  of  a  related  characteristic 
equation.  The  result  is  a  closed  form  expression  in  the  longitudinal 
direction.  The  method  is  general  and  applicable  to  complex  structures, 
because  of  the  finite  element  basis.  All  forcing  functions  are  sinu¬ 
soidal  functions  of  time  of  a  single  frequency  U)  .  Hence,  the  problem 
is  solved  in  the  frequency  domain. 

The  basic  equations  used  in  the  method  are  of  the  following  form. 

The  linear  equations  of  motion  for  a  substructure  in  harmonic  motion  are 

(s) 

where  A  is  the  mechanical  impedance  matrix,  A  is  a  column  matrix  of 
complex  displacement  amplitudes  and  Pu  is  a  column  matrix  of  complex 
external  load  amplitudes  in  the  unconstrained  degrees  of  freedom.  The 
Impedance  matrix  is  given  by 

jA  =  K  —  UJ1  M  f  LojC  (b) 

where  frequency,  L  and  K ,  M  and  C  *  square  stiffness,  mass  and 

damping  matrices  for  the  substructure  as  derived  by  standard  finite  ele¬ 
ment  procedures.  By  a  suitable  transformation,  Eq.  5  can  be  written  for 


a  substructure  boundary  as 


j  A 

^8  “  Pug 
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The  impedance,  displacement  and  load  matrices  can  be  partitioned  as 


follows: 


~ast  keif  [&si)  C^ei\  ^ 

ks*i  |  A0rJ  (£W, 

where  the  subscripts  i.  and  r  refer  to  the  left  and  right  boundaries  of 
the  substructure.  Equation  8  with  force  variables  retained  can  be  put 
into  the  following  matrix  difference  form: 

A  ■  .  A  a  . 

\/  £-f  I  V/  v/*-  ^  o' 


hsri  ia/r J  /  A0r 


ym-N  y1  =  o 

/V  “-w 


where 

(s|  =  "-strApf,-  |  ^StvT  Afi  i  y<^  fRi0r)  /|0) 

..  "^e)f  I  "l*8lr^8iJ  _  L4bvJ 

and  subscript  (.  indicates  the  equations  apply  to  the  £th  substructure. 


A  solution  of  Eq.  9  is 


A  A 


4‘  -  5* 

A  \  ^  A  • 

where  <5^  is  a  column  matrix  and  A^is  a  scalar.  Substituting  from 


Eq.  11  into  Eq.  9  gives 


Equation  12  is  the  characteristic  equation  of  the  substructure  with 

A 

force  variables  retained  which  can  be  solved  for  the  eigenvalues  A i  and 
the  eigenvectors  Ct, . 

'v  41 

Equation  8  can  be  rearranged  in  a  similar  manner  but  with  the 
force  variables  eliminated  to  give 

[A 8iA  +  (^8ii+Ag»Y^  +  ^ 
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Equation  13  la  tha  characteristic  equation  of  the  substructure  with 
force  variables  eliminated.  Unfortunately,  Eq.  13  is  quadratic  in  A  , 
but  the  matrices  in  the  equation  are  only  half  ae  large  as  those  in  Eq. 
12.  This  feature  Is  important  because  the  coaputatlonal  effort  required 
to  solve  a  characteristic  equation  Increases  rapidly  with  the  order  of 
the  equation. 

Another  feature  of  the  MDE  approach  is  the  introduction  of  a  modal 
technique  that  further  reduces  the  order  of  the  characteristic  equation, 
thereby  further  reducing  computational  time.  Once  all  substructure 
elgensolutlons  are  found,  a  complete  modal  solution  of  the  entire  struc¬ 
ture  is  available,  which  completes  a  linear  elastic  solution. 

VII.  RECOMMENDATIONS 

Personnel  at  AFWL  who  use  the  SAMSON 2  code  state  that  solutions 
obtained  wlh  the  use  of  the  higher  order  elements  (3  and  6  node 
triangles  and  8  node  quadrilateral)  are  not  correct.  They  also  state 
that  coaputatlonal  efficiencies  would  result  if  the  higher  order  ele¬ 
ments  could  be  used.  Therefore,  it  is  recommended  that  a  complete  study 
of  the  higher  order  elements  (Task  3b)  be  performed  and  used  to  check 
the  logic  statements  in  the  code  in  order  to  correct  the  procedure  for 
these  higher  order  elements.  This  study  is  preliminary  but  essential  in 
order  to  obtain  the  understanding  of  finite  elements  and  the  SAMSON2 
code  to  be  able  to  determine  how  and  where  the  MDE  method  can  be  effec¬ 
tively  incorporated  into  the  existing  code  element  definitions  (Task  3c). 

Users  of  SAMS0N2  also  state  that  the  slideline  formulation  in  the 
code  is  not  used  effectively  because  of  lack  of  understanding  of  the 
formulation  criteria.  Hence,  it  is  recommended  that  a  study  (Task  2a) 
be  made  to  develop  a  new  friction  law  for  the  slideline  in  the  SAMSON 2 
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code  so  that  real  world  problems  can  be  aodeled  effectively.  It  la  also 
recommended  that  a  study  be  Initiated  to  develop  a  new  SMI  element  which 
will  model  the  soil-structure  interaction  (Task  2b).  These  studies  are 
preliminary  but  essential  in  order  to  obtain  the  understanding  required 
to  develop  a  SMI  element  compatible  with  the  MDE  theory  and  the  SAMS0N2 
algorithms  (Task  2c). 

My  study  of  the  MDE  method  has  been  relatively  superficial. 

However,  I  have  learned  enough  to  believe  that  the  method  does  have 
definite  possibilities  toward  reducing  computational  time  associated 
with  finite  element  computer  codes.  Hence,  it  is  recommended  that 
further  study  be  made  concerning  the  MDE  method  (Task  la).  This  study 
should  include  a  more  indepth  analysis  of  the  MDE  method  and  the  initial 
development  of  non-linear  solutions  (Task  lb). 

This  study  is  essential  in  order  to  ascertain  the  feasibility  of 
the  MDE  approach  as  it  may  be  used  to  reduce  the  site  of  the  algebraic 
solution  matrix  in  codes  used  by  AFWL  personnel.  Discussions  with  Mr. 

P.  Denke,  DAC,  confirm  that  extension  to  the  non-linear  case  would  be 
difficult  but  possible  and  would  result  in  computational  efficiencies  in 
non-linear  solutions. 

I  intend  to  apply  for  a  Research  Initiation  Program  grant  which 
will  include  each  of  these  recommendations. 


( 
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BASE  COMMUNICATIONS  ARCHITECTURE  SECURITY  ISSUES 

by 

Charles  J.  Spiteri 
ABSTRACT 

The  problem  of  applying  DoD  and  1974  Privacy  Act  mandated 
security  to  Air  force  Base  Local  Area  Networks  is  addressed.  Both 
existing  and  future  techniques  and  devices  used  to  protect  classified 
and  privacy  traffic  on  computer  networks  were  researched.  A  plan  for 
implementing  security  measures  on  base  LANs  is  proposed  in  a  three 
phase  plan.  The  proposal  utilizes  today's  technology  for  networks 
currently  being  installed.  Data  segregation  by  frequency,  time  or 
physical  means,  coupled  with  available  encryption  is  recommended. 

Single  and  multilevel  trusted  interface  units  and  gateways  are  proposed 
as  they  become  available.  End  to  end  encryption  is  also  proposed, 
either  as  a  companion  or  alternative  technique,  depending  on  base  and 
technology  parameters.  Suggestions  are  made  to  continue  research  in 
this  vital  area. 
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BASE  COMMUNICATIONS  ARCHITECTURE  SECURITY  ISSUES 


I.  INTRODUCTION: 

In  order  Co  modernize  and  improve  intrabase  and  inCerbase  com¬ 
munications,  ESD/XRC  is  developing  a  Base  Communicatioui  Architecture 
which  will  evolve  over  the  coming  years.  All  modes  of  communications 
including  telephone,  radio,  video  and  computer  communications  are 
being  studied.  One  aspect  of  the  study  involves  the  use  of  Local 
Area  Networks  (LANs).  These  networks  will  be  used  to  accommodate 
the  proliferation  of  office  automation  equipment  and  provide  impor¬ 
tant  services  such  as  electronic  mail,  teleconferencing  and  data 
transfer. 

The  Privacy  Act  of  1974  and  the  DoD  requirements  for  the  treat¬ 
ment  of  classified  information  place  security  constraints  on  these 
networks.  This  paper  focuses  on  the  many  security  problems  that 
impact  the  implementation  and  utilization  of  Local  Area  Networks  on 
Air  Force  bases. 

II.  OBJECTIVES: 

There  are  two  objectives  of  this  project.  First,  in  order  to 
provide  a  sound  foundation,  existing  security  techniques  were  iden¬ 
tified.  Also,  developing  and  proposed  measures  were  researched  and 
evaluated . 

Next,  a  combination  of  existing  and  future  techniques  were 
integrated  into  a  proposal  for  secure  LANs  that  could  be  put  into 
place  now  and  evolve  with  emerging  technology.  Since  the  require¬ 
ments  for  individual  bases  may  vary,  no  one  approach  can  be  proposed 
for  all  bases.  Also,  future  technological  trends  will  determine  the 
final  course  chosen.  The  proposal  provides  a  sound  security  system 
which  may  be  implemented  in  phases.  Alternative  choices  are  given 
to  accommodate  individual  needs  and  possible  technological  develop¬ 
ments  . 

III .  EXISTING  SECURITY  TECHNIQUES : 

There  is  a  set  of  security  measures  which  will  be  implemented 
on  all  bases.  These  techniques,  both  general  and  applicable  to 
LANs,  are  identified  in  this  section  of  the  report. 
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Administration-  Security  is  an  area  that  all  levels  of  civilian  and 
military  administrators  must  concern  themselves  with.  The  upper 
levels  oust  recognize,  analyze  and  form  directives  to  address  the 
needs  and  problems  which  are  presented  to  them.  They  must  enforce 
accountability  for  actions  and  establish  policies  which  will  be  com- 
nicated  to  all  personnel. 

Middle  management  acts  as  the  interface  between  higher  and 
lower  levels  of  management.  They  will  pass  down  guidance  and  direc¬ 
tives  from  the  upper  levels,  while  at  the  same  time  act  as  a  means 
of  recognizing  and  reporting  problems,  deficiencies,  aud  suggestions. 

Lower  management,  and  individual  security  officers  are  respon¬ 
sible  for  the  strict  enforcement  of  mandated  rules  and  procedures. 

In  addition,  they  are  obligated  "■>  report  problems,  deficiencies  and 
violations. 

Finally,  no  secutity  system  is  workable  without  the  cooperation 
of  all  personnel  involved  Each  and  every  system  user  is  responsible 
for  both  implementing  and  improving  the  overall  security  of  the 


system. 

Physical-  The  two  main  areas  of  physical  security  concern  the  faci¬ 
lities  and  the  LAK  communications  medium.  It  is  assumed  that  judi¬ 
cious  practices  to  protect  the  facilities  against  natural  and 
man-made  disasters  will  be  in  effect.  In  additon,  classified  hard¬ 
ware  and  software  will  require  physical  protection.  Each  element  is 
to  be  protected  to  at  least  the  level  of  information  it  handles, 
commensurate  with  OoO  practices.  Equipment  which  handles  data  pro¬ 
tected  by  the  1974  Privacy  of  Information  Act  may  also  require  phy¬ 
sical  segregation. 

The  most  popular  medium  for  LANs  to  data  is  coaxial  or  triaxal 
cable.  A  rapidly  emerging  competitive  medium  is  the  various  classes 
of  fiber  optic  cable.  In  some  instances,  it  may  be  necessary  to  use 
radio  waves  to  provide  links  to  mobile  or  physically  isolated  parts 
of  a  network,  or  where  satellite  links  are  used. 

All  of  the  above  media  are  subject  to  passive  and/or  active 
wiretapping.  In  the  passive  case,  emanations  from  the  owdium  or 
terminal  devices  are  intercepted  hy  unauthorized  receivers.  In  the 
case  of  radio  waves,  the  cost  cf  a  suitable  antenna  is  the  only 
prerequisite  to  topping.  Cables,  connectors  and  terminal  equipment 


radiate  various  levels  of  energy  which  may  be  received  by  suitable 
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equipment.  If  any  medium  ia  physically  accessed,  a  passive  Cap  aay 
be  made  using  compatible  technology.  This  incl>des  fiber  optic  cable 

Active  wiretapping  involves  accessing  the  medium  also.  However, 
as  opposed  to  listening  only,  the  intruder  injects  unauthorized 
traffic.  This  may  provide  erroneous  information  or  could  cause  a 
denial  of  service  to  some  or  all  users. 

If  a  medium  may  be  physically  accessed,  it  stay  be  captured  and 
severed.  In  this  case  all  authorized  users  will  be  denied  sercvice. 

In  the  case  of  fiber  optic  cable,  topological  limitations  may 
also  exist.  Due  to  the  losses  and  reflections  of  TEE  couplers,  fiber 
optic  cable  may  be  best  suited  to  STAR  and  LOOP  topologies  as 
opposed  to  BUS  TREES. 

The  traditional  means  of  medium  protection  are  sealing  and 
encryption.  In  sealing,  the  medium  is  enclosed  in  a  welded  conduit 
while  in  a  building.  Outside,  it  would  be  buried  to  a  suffici-  at 
depth  so  as  to  protect  it,  or  be  sealed  in  concrete,  or  pressurized 
conduit,  and  guarded. 

If  the  medium  cannot  be  isolated  as  described,  or  if  there  are 
TEMPEST  problems,  encryption  is  the  only  alternative.  Although 
under  development,  there  are  currently  no  encrypting  devices  for  LANs 

Sealing  the  medium  makes  maintainance  difficult  at  best. 
Encryption,  which  will  be  discussed  in  detail  later,  is  expensive 
and  complex  to  implement.  The  choices  of  whether  to  employ  one  or 
both  techniques  must  be  made  on  an  individual  basis.  The  decision 
will  be  based  on  geographic  parameters  such  as  the  size  and  layout 
of  the  base,  and  other  factors  such  as  the  number  of  users  to  be 
served  and  the  severity  of  the  perceived  threat.  In  the  case  of  any 
broadcast  of  data,  however,  encryption  is  mandated. 

Personnel  Access  Control-  Personnel  Access  Control  is  sometimes 
referred  to  as  user  authentication.  The  users  of  base  LANs  are 
expected  to  possess  a  variety  of  clearances,  as  does  the  multilevel 
traffic  on  the  net.  There  must  exist  a  means  to  verify  the  access 
level  of  the  users  and  provide  access  to  data  for  which  they  are 
cleared.  At  the  same  time  care  must  be  taken  so  as  to  insure  that 
these  measures  do  not  present  a  "denial  of  service"  problem  to 
authorized  personnel  by  their  complexity.  Prospects  exist  for 
having  multiple  levels  of  classified  data  available  at  a  single  net¬ 
work  interface  device. 


Traditionally,  access  control  has  been  accomplished  by  using 
user  passwords.  If  done  in  a  non-encrypted  system  in  an  open 
environment,  this  technique  may  prove  unreliable  at  best.  At  the 
other  end  of  the  spectrum  are  the  relatively  costly  techniques 
involving  electronic  voice  and  fingerprint  recognition. 

Among  the  measures  which  appear  cost  effective  are  the  use  of 
magnetically  encoded  i.d.  cards  and  so  called  "smart  cards",  which 
contain  embedded  microprocessor  chips.  A  correlation  can  be 
established  between  the  specific  card  and  the  terminal  to  which  it 
is  presented.  Unauthorized  users  can,  therefore,  be  easily  iden¬ 
tified.  It  may  further  be  required  that  the  card  remain  inserted  in 
the  reader  while  the  session  is  in  progress,  and  that  the  session  be 
terminated  upon  withdrawal  of  the  card.  Another  option  is  the  use 
of  magnetic  encoders  to  alter  the  coded  information  at  the  end  of 
each  session.  This  would  deter  fraudulent  cards.  Additional  pro¬ 
cedural  and  physical  options  could  be  added  to  reduce  the  risk  of 
system  compromise  to  an  acceptable  level. 

Other  issues  which  must  be  explored  concern  the  choice  between 
distributed  and  central  authentication.  The  possibility  exists  for 
a  central  access  control  center  at  some  facilities.  In  a  distri¬ 
buted  controlled  system,  the  source  and/or  the  destination  nodes  may 
provide  the  authentication  service.  These  issues  must  be  addressed 
on  a  base  by  base  perspective  to  allow  for  a  wide  variety  of 
requirements  and  available  resources. 

Data  Access  Control-  A  closely  related  topic  to  authentication  is 
data  access  control.  There  are  two  sets  of  issues  in  this  area. 

One  pertains  to  access  control  of  ADP  central  data  bases.  This 
control  would  be  applied  during  sessions  between  a  user  and  a  host 
computer.  The  second  set  involves  communications  and  the  exchange 
of  data  between  nodes  within  a  LAN  or  on  interconnected  LANs. 

Since  most  Air  Force  bases  have  central  data  bases  contained  on 
a  mini  or  mainframe,  and  these  resources  may  be  accessed  via  a  LAN, 
host  to  user  interactions  must  be  addressed.  The  data  base  must  be 
protected  against  unauthorized  access,  modification  and  denial  of 
authorized  access.  The  problem  involves  user  authentication,  but 
transcends  it.  The  requirement  is  for  the  implementation  of  the 
"simple  security  principle"  (no  read  up),  and  the  "star  principle" 
(no  write  down),  in  a  multi-level  environment.  These  principles 
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evolved  from  the  Bell-Lapadula  security  model. 

The  realization  of  such  controls  becomes  part  of  the  host's 
overall  operating  system,  specifically  a  memory  access  controller 
which  mediates  all  main  storage  access.  The  controller  would  inter¬ 
mediate  in  all  interactions  between  subjects  (users)  and  objects 
(data  files).  It  has  also  been  called  a  Reference  Monitor. 

Such  a  monitor  is  the  subject  of  many  research  and  development 
projects  involving  software,  hardware  and  firmware.  These  projects 
generally  involve  the  design  of  a  kernelized  secure  operating  system 
(KSOS)  which  would  perform  the  monitor  functions  and,  at  the  same 
time,  emulate  an  existing  operating  system  such  as  UNIX.  Among 
the  players  am:  MITRE,  UCLA,  Honeywell  and  others.  Needless  to 
say,  if  a  multi-level  secure  data  base  is  to  be  accessed  by  a  multi¬ 
level  secure  community,  some  form  of  memory  access  control  will  be 
required.  This  control  must  also  address  the  threat  posed  by  "trojan 
horse  programs."  These  are  user  generated  programs,  which  although 
appearing  innocuous,  actually  contain  embedded  code  to  subjugate  the 
data  base. 

The  second  set  of  issues  concern  data  access  and  exchange  as 
applied  to  LANs  only.  Similar  problems  to  those  previously 
described  will  exist  if  devices  and  users  of  a  variety  of  clearances 
wish  to  communicate.  The  same  security  principles  apply  as  before 
except  that  a  central  mini  or  mainframe  computer  cannot  be  assumed. 

This  set  of  problems,  and  their  tentative  solutions  will  be 
addressed  in  other  sections  of  this  report.  The  solutions  involve 
the  use  of  one  or  more  of  the  following: 

1.  Encryption 

a.  end  to  end 

b.  link  to  link 

2.  Mediation  by  LAN  devices  such  as: 

a.  single  and  multilevel  interface  units 

b.  trusted  bridges  or  guards 

c.  internet  gateways 

IV.  NEW  AND  EMERGING  TECHNOLOGIES : 

In  researching  the  two  developing  technologies,  encryption  and 
data  mediation,  two  facts  become  clear.  First,  the  techniques  may 
be  used  separately  or  in  conjunction  with  each  other.  Secondly, 
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their  state-of-the-art  nature  and  costs  warrant  special  treatment  of 
these  topics.  Because  of  these  characteristics,  a  more  detailed 
view  of  these  topics  is  presented. 

Encryption-  The  use  of  encryption  in  data  storage  and  transmission 
is  an  important  and  viable  measure.  It  can  also  add  significant 
system  costs  and  impede  the  free  flow  of  data.  The  techniques 
should,  therefore,  be  used  judiciously  and  only  where  necessary. 

There  are  two  basic  considerations  which  mandate  the  use  of 
encryption.  In  the  first  case,  there  may  be  a  need  to  restrict 
access  to  data  at  terminal  devices.  This  may  be  due  to  the  fact 
that  some  personnel  may  not  be  cleared  to  the  level  of  some  of  the 
traffic,  or  that  the  physical  security  of  the  terminal  is  such  that 
access  by  uncleared  personnel  is  likely. 

Second,  and  moreover,  the  medium  of  the  LAN  must  be  physically 
protected  to  the  highest  security  level  of  the  data  on  it.  Unless 
the  medium  is  physically  secure  (contained  in  welded  pipes,  etc.) 
and  protected  from  attacks  to  it,  encryption  is  needed.  An  excellent 
example  is  the  use  of  various  microwave  and  other  "free  space"  links 
used  in  communications  where  hard  wiring  is  impractical.  Without 
encryption  the  cost  of  a  suitable  antenna  is  the  only  deterrent  to 
passive  (eavesdropping)  wiretapping.  In  the  case  of  coaxial  and 
fiber  optic  cable,  physical  access  to  the  medium  is  tantamount  to 
having  a  broadcast  transmission.  In  conjunction  with  passive  wire¬ 
tapping  there  also  exists  the  possibility  for  active  (intruder) 
wiretapping  which  may  provide  a  more  severe  threat.  In  addition, 
close  physical  proximity  is  not  always  required.  R.F.  emissions  and 
leakages  present  their  own  set  of  problems. 

Various  encryption  techniques  have  been  developed  to  address 
these  problems.  All  of  the  transformations  performed  by  the  various 
algorithms  involve  either  substitution  or  transposition  of  the 
cleartext  data  to  arrive  at  a  ciphertext  version  of  it.  If  both 
techniques  are  used,  the  algorithm  performs  what  is  called  product 
transformations . 

In  the  case  of  substitution  transformations,  the  characters  or 
groups  of  characters  of  the  plaintext  are  replaced  with  characters 
or  groups  of  characters  from  a  ciphertext  character  set.  Single 
character  substitution  is  referred  to  as  monographic  substitution, 
where  multiple  character  substitution  is  called  polygraphic.  In 
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addition,  there  are  monoalphahetic  and  polyalphabetic  substitutions. 
In  the  monoalphabetic  case,  the  cipher  alphabet  is  usually  derived 
from  the  plaintext  alphabet,  with  a  clear  mapping  existing  from  one 
set  to  the  other.  In  the  polyalphabetic  case,  there  are  many  cipher 
alphabet  sources  which  are  used  on  a  rotating  basis.  This  discoura¬ 
ges  a  statistical  analysis  on  the  ciphertext  based  on  language 
characteristics . 

The  data  to  be  transmitted  may  also  be  rearranged  or  transposed 
without  actually  changing  the  individual  characters.  Most  modern 
encryption  algorithms  involve  product  transformations,  however,  in 
which  the  data  is  both  transposed  and  substituted  for. 

The  two  methods  of  performing  cryptographic  transformations  are 
stream  and  block  transformations.  In  the  stream  method,  which  is 
usually  applied  to  voice  transmissions,  the  algorithm  continually 
encodes  data  as  it  becomes  available,  independent  of  any  other  data. 
The  encoded  data  can  then  be  transmitted  immediately.  There  are  no 
limits  as  to  the  length  of  the  data  stream  which  may  be  processed. 

In  the  block  method,  which  seems  better  suited  to  LANs,  a  fixed  data 
block  length,  N  bits  or  bytes,  are  encrypted  at  a  time,  with  the 
resultant  block  sometimes  dependent  on  all  the  data  contained  within 
it. 

In  1977,  the  National  Bureau  of  Standards  approved  the  Data 
Encryption  Standard  (DES),  which  was  developed  by  IBM,  as  a  federal 
standard.  DES  was  made  mandatory  for  any  civilian  agency  of  the 
federal  government  which  required  encryption  to  protect  privacy 
data.  The  technique  resulted  from  the  1974  Privacy  of  Information 
Act.  The  DES  algorithm,  which  is  described  in  FIPS  46,  consists  of 
an  iterative  number  of  product  transformations  on  a  64  bit  data 
block  using  a  64  bit  (56  bit  key  plus  8  parity  bits)  key.  In  addi¬ 
tion,  DES  may  operate  in  a  variety  of  modes  of  varying  complexity. 
Implementation  costs  run  in  the  thousands  of  dollars  for  a  stand 
alone  unit  to  hundreds  for  a  DES  chip.  Almost  all  government  agen¬ 
cies  utilize  DES  to  encrypt  privacy  data. 

Unfortunately  DES  has  not  been,  nor  does  it  appear  that  it  will 
be,  certified  by  NSA  for  classified  data.  Any  encryption  of 
classified  data  must  be  done  by  NSA  approved  devices.  These  include 
the  various  KG  devices  now  in  use,  as  well  as  other  classified  product 
lines  currently  under  development.  The  development  and  certification 
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of  new  NSA  approved  encryption  devices  generally  involves  a  large 
investment  in  time  and  money. 

The  use  of  encryption  brings  forth  a  number  of  associated 
issues.  One  involves  the  nature  of  the  encryption  keys.  In 
general,  the  keys  may  be  thought  of  as  closed  (or  private)  or  open 
(public  keys).  In  a  public  key  system,  the  key  used  to  encrypt  the 
data  is  a  matter  of  public  record.  The  decryption  key,  which  is 
distinct  from  the  encryption  key,  is  protected.  In  a  private  key 
system,  there  is  generally  only  a  single  secret  key  used  to  encrypt 
and  decrypt  the  data,  and  it  must  be  protected.  In  a  private  key 
system,  there  is  generally  only  a  single  secret  key  used  to  encrypt 
and  decrypt  the  data,  and  it  must  be  protected.  Military  encryption 
usually  utilizes  private  key  systems,  whereas  public  key  systems 
appear  to  be  commercially  oriented.  The  private  key  system  has 
choices  and  constraints  associated  with  it. 

First,  there  must  be  different  keys  for  individuals  or  groups 
of  users,  or  as  a  minimum  each  security  level.  Next,  the  distribu¬ 
tion  of  those  keys  involves  the  following.  Should  a  central  "key 
distribution  center"  be  responsible  for  generating  and  distributing 
the  keys,  or  should  it  be  done  by  the  session  users?  Should  the 
keys  be  transferred  physically  (by  courier)  or  automatically  using 
the  old  or  a  unique  key?  Should  the  keys  be  used  for  a  specific 
period  of  time,  or  for  a  session  only?  Factors  involved  in  deciding 
these  issues  include  costs,  complexities,  and  the  survivability 
based  on  presumed  threats. 

As  for  implementing  encryption  on  LANs  is  concerned,  there  are 
two  techniques  which  may  be  employed.  They  are:  link  •j.-'.cryption 
and  end  to  end  encrytion  (E3).  The  devices  currently  in  use  in  non 
LAN  applications  involve  link  to  link  encryption.  In  this  tech¬ 
nique,  each  node  at  the  end  of  a  link  decrypts  arriving  data  and 
encrypts  data  to  be  transmitted  over  the  next  link.  This  is  done  to 
determine  the  routing,  because  the  interfaces  at  the  nodes  are  not 
capable  of  handling  encrypted  data.  The  encrypting  and  decryption 
takes  place  in  devices  on  the  receiving  or  sending  ports  of  a  node. 
The  node  itself  must  be  physically  protected,  because  the  classified 
plaintext  exists  in  it.  This  process  is  somewhat  time  consuming, 
because  the  entire  data  packet  must  be  completely  decrypted  and 
encrypted  at  every  node.  The  process  is  usually  implemented  in  the 
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Data  Link  Layer  of  protocol. 

End  to  end  encryption  would  be  implemented  in  a  higher  layer 
such  as  the  Presentation  Layer.  Using  E3  the  sender  encrypts  the 
message,  and  it  remains  encrypted  while  being  transmitted  through 
the  network,  until  it  reaches  its  intended  destination. 

In  link  systems,  then,  keys  need  only  be  exchanged  between 
adjacent  nodes,  where  in  E3  the  key  distribution  problems  previously 
stated  must  be  dealt  with. 

As  mentioned,  the  cryptographic  devices  currently  used  by  HSA 
are  link  encryptors.  Various  development  programs  for  E3  devices 
for  long  haul  and  local  nets  may  produce  certifiable  devices  for 
LANs  by  the  1990' s.  The  current  expectations  are  for  an  E3  Secure 
Communications  Controller  (SCCL)  to  evolve  from  a  similar  long  haul 
net  device  being  developed  by  Motorola.  NSA  has  other  classified 
projects  under  investigation. 

A  technique  related  to  encryption  should  be  mentioned  here.  It 
involves  the  use  of  unique,  coded,  digital  signatures  for  authen¬ 
tication.  This  technique  is  used  by  banking  systems  to  prevent 
intruders  from  encroaching  upon  the  system.  It  involves  appending  a 
message  or  packet  dependent  signature  onto  a  transmitted  packet.  If 
the  packet  were  altered  along  the  way,  the  old  signature  would  be 
determined  to  be  invalid  at  the  destination.  It  is  similar  to 
parity  or  CRC  error  detection  in  its  implementation,  but  its  purpose 
is  authentication. 

Transmission  security  could  be  further  enhanced  by  sending 
dummy  messages  on  a  net.  This  will  discourage  traffic  analysis  and 
key  determination  on  encrypted  lines. 

Data  Separation  by  Mediation-  In  addition  to  encryption,  there  is  a 
developing  technique  for  separation  of  data  by  mediation.  In  this 
technique,  the  device  which  interfaces  the  user  to  the  LAN  is  aware 
of  the  security  classification  of  the  data  and  the  user,  and 
mediates  data  exchanges  to  enforce  security. 

The  network  interface  unit  (NIU)  is  a  microprocessor  based 
device  that  interfaces  the  user  devices  to  the  network  medium. 

Among  its  functions  are: 

1.  Accepts  data  from  attached  devices. 

2.  Buffers  data  until  the  medium  can  be  accessed. 

3.  Transmits  data  in  addressed  packets. 
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4.  Receive*  ell  packets  and  accepts  those  with  its  own  address. 

5.  Buffers  incoming  data. 

6.  Passes  data  to  attached  devices  at  the  proper  rate. 

7.  Performs  error  correcting  if  applicable. 

NIUs  vary  in  complexity  depending  on  the  protocols  implemented  in 
them. 

In  a  secure  LAN  the  interface  may  be  called  upon  to  perform 
security  functions.  A  trusted  interface  unit  (TIU)  performs  all  the 
above  NIU  functions  with  the  following  additional  tasks. 

A  single  level  TIU  operates  at  a  single  assigned  security  level. 
It  labels  each  frame  it  transmits  with  its'  security  level.  In 
addition,  it  will  accept  only  frames  that  are  labeled  with  its'  own 
or  a  lesser  security  level.  The  additional  functions  are  generally 
implemented  in  the  Data  Link  Protocol  Layer. 

A  refinement  of  the  single  level  TIU  is  the  variable  level  TIU. 
This  device  would  contain  a  manual  or  host  controlled  switch  which 
would  allow  it  to  operate  at  different  security  levels  at  different 
times. 

Again,  variable  and  multilevel  TIUs  have  been  the  subject  of 
many  papers,  but  they  will  not  exist  for  several  years.  The  most 
promising  candidate  appears  to  be  interfaces  being  developed  by  SDC 
for  the  DIA.  These  interface  devices  have  network  front  ends  (NFEs) 
which  interface  to  the  DoDIIS,  and  will  process  TOP  SECRET  compart¬ 
mentalized  data.  They  will  screen  the  traffic  with  regard  to  com¬ 
partment,  as  a  multilevel  TIU  would  do  for  security  levels.  It  is 
believed  that  with  minor  modifications,  the  screening  could  be  done 
by  security  level.  Since  these  devices  are  meant  to  operate  in  a 
physically  protected  environment,  a  problem  may  arise  in  their 
multilevel  certification.  Again,  liaison  must  be  established  with 
the  sponsoring  agency  to  further  explore  the  prospects. 

In  many  LANs,  several  smaller  but  compatible  subnet*  are 
established,  and  interconnected  with  devices  cslled  bridges.  The 
bridge  consists  of  at  least  two  NIU*  linked  together.  In  a  homogen¬ 
eous  network,  the  bridge  passes  packets  back  and  forth  between  the 
subnets.  It  must  be  aware  of  all  addresses  on  each  subnet  to  do 
this.  In  the  event  that  each  subnet  operated  at  a  different 
security  level,  the  bridge  would  be  required  to  act  a*  a  guard,  per¬ 
forming  the  security  functions  described  for  a  multilevel  TIU. 
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The  next  possibility  is  that  the  subnets  on  a  base  will  not  be 
compatible,  which  is  possible  if  various  groups  do  not  coordinate 
purchasing.  In  this  case,  separate,  incompatible  nets  exist  as 
opposed  to  subnets.  The  bridging  device,  then,  must  support  the 
protocols  of  any  and  all  connected  nets,  increasing  its  complexity 
significantly.  These  devices  are  called  gates  or  internet  gateways, 
and  generally  serve  to  interface  a  LAN  to  a  long  haul  net. 

A  multilevel  secure  gatevay  is  being  developed  by  R.A.D.C. 
under  contract.  Units  are  expected  to  be  tested  within  a  year. 
Although  practical  and  necessary  for  IAN  to  haul  net  interfacing,  it 
is  hoped  that  intrabase  LANs  will  not  have  to  be  interconnected  by 
anything  as  complex  or  expensive  as  an  internet  gateway.  As  it 
appears  now,  it  is  a  distinct  possibility. 

Until  the  various  enumerated  devices  become  certified  and 
available,  there  is  only  one  acceptable  means  of  handling  multilevel 
classified  data.  That  is  to  separate  each  level  of  data  on  its  own 
subnet.  Interface  units  of  a  single  security  level  would  be  con¬ 
nected  to  each  net,  with  no  means  of  bridging  the  subnets.  This 
represents  a  simple  topological  albeit  restrictive  means  of  imple¬ 
menting  multilevel  security. 

Related  techniques  involve  separation  by  frequency  or  time 
allocation.  Each  of  these  methods  has  its  own  associated  drawbacks, 
but  may  be  easier  to  implement  than  some  of  the  more  sophisticated 
proposals.  The  final  choices  must  be  made  on  the  techniques  which 
are  realistically  expected  to  be  available,  and  their  associated 

COS  1 8 . 

Finally,  it  should  be  reemphasized  that  the  Air  Force  bast 
environment,  as  opposed  to  an  underground  command  center,  poses 
additional  security  problems.  If  the  physical  security  of  the 
medium  and  terminal  hardware  cannot  be  assured,  or  if  RF  emanations 
may  be  intercepted  by  unauthorized  listeners,  encryption  will  be 
required . 

V.  PROPOSALS  FOR  IAN  SECURITY 

In  an  attempt  to  discern  the  security  requirements  for  A.F. 
base  LANs  now  and  for  the  future,  it  will  be  found  that  there  is  no 
clear  consensus.  A  number  of  factors  are  responsible  for  this. 

There  exists  a  wide  disparity  in  the  type  and  size  of  bases, 


133-14 


both  in  the  U.S.  and  overseaa.  Some  bases  support  wing  operational 
units,  others  provide  logistics  support,  while  still  others  are  com¬ 
mand  and  control  centers.  In  the  U.S.  bases  tend  to  be  larger  and 
multipurpose.  Overseas  bases  are  smaller  and  more  unifunctional. 
They  also  perceive  more  of  an  immediate  tactical  and  subversi»e 
threat.  It  is  safe  to  assume,  however,  that  all  bases  will  acquire 
LANs  over  the  coming  years,  and  that  multilevel  security  will  even¬ 
tually  be  implemented  on  them.  The  networks  will  probably  develop 
over  a  number  of  years.  Each  group  on  a  base  (finance,  logistics, 
personnel,  etc.)  will  probably  acquire  their  own  network  as  funds 
become  available.  The  security  measures,  therefore,  must  also  be 
somewhat  evolutionary,  encompassing  a  variety  of  possible 
topologies,  from  a  single  LAN  to  multiple  interconnected  LANs. 

Phase  I-  As  mentioned,  it  is  anticipated  that  single  or  independent 
networks  will  exist  on  a  particular  base.  If  there  is  privacy  or 
classified  data  that  will  be  transmitted  on  such  a  net,  there  appear 
to  be  two  choices  for  implementing  security.  The  privacy  and 
classified  data  must  be  separated  by  means  of:  (1)  frequency,  chan¬ 
nel,  or  time  partitioning  and/or  (2)  encryption. 

Time  partitioning  requires  that  classified  and  privacy  data  be 
transmitted  only  during  certain  allowed  periods.  It  requires  physi¬ 
cal  control  at  all  terminals  and  interface  units.  Frequency  and 
channel  separation  are  somewhat  less  restrictive,  but  tests  must  be 
performed  to  insure  that  sidebands  are  sufficiently  suppressed  so  as 
to  insure  there  will  be  no  inter  frequency  leakages. 

Encryption  appears  to  be  a  satisfactory  candidate,  particularly 
for  baseband  (single  channel)  systems.  However,  only  DES,  which  is 
not  approved  for  classifisd  data  will  probably  be  available  in  the 
near  future. 

In  an  attempt  to  avoid  the  absolute  requirement  for  encryption, 
or  restrictive  time  allocating,  it  is  recommended  that  broadband 
networks  be  considered  for  initial  base  LANs  where  security  will  be 
required.  The  options  for  implementing  security  are  more  plentiful. 

The  security  of  the  transmission  medium  end  interface  units 
must  still  be  addressed.  If  unauthorized  access  to  the  medium  and 
the  interface  units  is  possible,  encryption  will  be  mandated.  DES 
will  suffice  for  privacy  data,  but  not  for  classified  data.  In  this 
case  one  of  two  choices  exists.  Either  certify  DES  temporarily  or 


adapt  an  existing  link  encryption  device  to  the  LAN.  Given  the  past 
doctrine,  the  latter  seems  more  probable. 

If  frequency  or  channel  separation  are  used,  separate  bus 
interface  units  will  be  required  for  each  level  of  classified  data. 
The  same  is  true  if  link  encryption  is  used,  unless  each  user  is 
cleared  system  high. 

If  the  base  remains  with  a  single  LAN  on  it,  two  alternatives 
for  the  future  exist.  Trusted  interface  units  (TIUs),  first  single 
then  multiple  level,  implemented  at  the  Data  Link  Protocol  Layer 
will  remove  the  separation  requirement.  These  devices  will  probably 
exist  first  but  are  more  risky,  being  subject  to  tampering  and 
failures.  Also,  of  course,  physical  and  personnel  security  must  be 
insured . 

Link  encryption  used  in  conjunction  with  TIUs,  or  end  to  end 
encryption  represents  the  other  alternative.  As  a  minimum,  separate 
keys  will  be  required  for  each  security  level  in  the  case  of  end  to 
end  encryption. 

Phase  II-  As  time  passes,  most  bases  will  acquire  multiple  LANs. 

With  some  amount  of  planning  and  the  application  of  standards,  a 
degree  of  compatibility  can  be  achieved.  If  not,  the  gateways  which 
interconnect  heterogeneous  LANs  will  have  to  support  each  of  the 
different  protocol  structures,  as  well  as  perform  the  other  gateway 
functions.  This  will  embody  additional  complexity  an  ,ur  the 
associated  expense  into  the  gateways. 

The  requirement  may  remain  for  separation  of  the  different 
classes  of  data  until  suitable  procedure  and  devices  emerge  for 
multilevel  data  handling.  Two  strategies  exist. 

First,  there  may  be  factors  which  allow  the  different  classes 
of  data  to  be  put  on  separate  LANs.  One  situation  which  would  allow 
this  is  a  natural  geographic  separation  on  the  bases  which  already 
exists  or  could  be  easily  provided.  Each  net  would  then  operate  at 
its  own  system  high  level,  with  encryption  provided  where  it  is 
required  by  physical  and  personnel  security.  Another  parameter 
which  would  justify  this  strategy  is  traffic  flow.  Some  bases  may 
have  enough  classified  or  privacy  traffic  to  warrant  a  separate  LAN 
for  it.  If  the  amount  of  high  level  security  traffic  is  sufficient, 
a  classified  net  could  operate  at  that  system  high  level. 

The  alternative  plan  calls  for  multiple  Phase  1  type  nets, 
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using  frequency  allocations  and  separate  BIUs.  The  use  of  encryp¬ 
tion  should  be  made  on  a  base  by  b«se  basis. 

The  existence  of  these  parallel  communities  of  LANs  will 
require  gateways  or  guards  to  interconnect  them.  A  number  of  com¬ 
panies  are  doing  research  and  deve.opment  in  this  area.  The  inter¬ 
connection  will  provide  redundancy,  easier  maintainability,  and  a 
greater  chance  for  survivability.  Mediation  of  data  will  also  have 
to  be  provided  for.  The  choice  between  these  two  methods  depends  on 
the  characteristics  of  the  particular  base. 

For  overseas  bases  at  least,  there  appears  to  be  a  dire  need 
for  LAN  encryption  devices.  This  is  due  to  an  increased  unfriendly 
personnel  threat,  coupled  with  the  fact  that  medium  security  is  more 
difficult  to  guarantee.  In  the  U.S.,  many  bases  are  physically 
situated  in  areas  where  R.F.  emanations  from  terminal  equipment  and 
connections  becomes  tantamount  to  broadcasting  data  to  unfriendly 
but  appreciative  listeners.  These  sorely  needed  devices  will 
emerge,  hopefully  within  the  coming  years.  NSA  is  currently  pre¬ 
paring  a  timeframe  for  the  development  of  LAN  encryption  devices. 
Phase  III-  In  the  event  of  rapid  technological  progress  the  Phase 
II  techniques  may  not  need  to  be  implemented.  This  depends  on  the 
development  of  the  following  Phase  III  alternatives. 

The  first  initially  consists  of  single,  then  multiple  level 
Trusted  Interface  Units  (TIUs)  to  provide  security  mediation.  If 
single  level  devices  emerge  first,  a  separate  interface  will  be 
required  for  each  clas3  of  data.  Multilevel  TIUs  would  be  preferred 
over  variable  TIUs,  in  that  a  central  operator  would  not  be  required 
for  a  color  change.  The  technical  risk  in  implementation  is  low  if 
the  devices  themselves  are  physically  protected.  Otherwise,  the 
certif ication  process  would  bring  the  risk  to  medium. 

The  second  alternative,  E3,  may  have  to  be  implemented  anyway 
depending  on  the  physical  and  personnel  security  issues  already  men¬ 
tioned.  The  certification  not  only  of  the  process,  but  the  key 
distribution  techniques  is  a  concern,  as  is  the  cost  and  complexity 
of  such  a  system.  If  the  given  constraints  of  a  base  mandate 
encryption,  there  is  no  choice.  Interfacing ,  as  soon  as  possible, 
with  the  appropriate  agencies  becomes  imperative. 

Gateways  or  guards  will  be  required  in  any  case.  In  the  case 
of  the  interconnection  of  LANs  with  incompatible  packets  sizes,  a 

133-17 


4  ■  hi 
\>\ 


k-i-w.-. 


gate  may  have  to  fragment  packets.  If  thece  packets  were  block 
encrypted,  they  would  have  to  be  reassembled  at  the  destination 
before  decryption.  This  further  points  out  che  need  for  com¬ 
patibility  and  planning. 

Trusted  operating  systems  would  be  required  for  multilevel  data 
bases.  The  expense  in  developing  these  systems  for  each  manufac¬ 
turer's  operating  system  may  be  prohibitive  at  worst,  wasteful  at 
best.  Research  and  development  in  the  area  must  be  monitored. 

The  writer  would  like  to  reiterate  a  bias  against  a  dependency 
on  the  traditional  password  techniques.  The  bits  may  have  developed 
by  watching  too  wrr-  r.ghtach  movies,  but  more  likely  from  current 
events.  Smart  i.d.  cards,  which  could  be  used  to  operate 
addressable  wall  taps  as  well  as  allow  physical  access,  is  an  alter¬ 
nate  suggestion. 

Any  LAN  installed  on  an  AF  base  oust  be  designed  for 
crisis/threat  survivability,  priority  transmissions,  and  main¬ 
tainability.  Multiple  interconnected  LANs  using  E3  for  physical 
security  vice  welded  conduit  and  hardware  "cast  in  concrete"  address 
most  of  these  factors. 

It  is  hoped  that  the  overall  planning  effort  will  proceed  with 
all  due  speed.  The  installation  of  incompatible  nets,  without  suf¬ 
ficient  traffic  capabilities  for  the  future,  only  makes  the  final 
effort  more  difficult  and  expensive. 

VI.  RECOMMENDATIONS: 

Given  the  spate  of  needs  involved  in  establishing  secure  LANs 
and  the  dearth  of  presently  available  devices,  it  immediately  beco¬ 
mes  clear  that  a  team  effort  is  required.  Several  steps  should  be 
taken,  keeping  in  mind  that  security  is  only  one  aspect  of  the  Base 
Communications  Architecture. 

First,  communications  must  be  established  with  the  group#  and 
organizations  that  are  doing  the  research  and  development  in  the 
fields  of  multilevel  mediation  devices  and  encryption,  as  well  as 
the  certifying  agency. 

Second,  the  resources  of  the  Air  Force  must  be  integrated  and 
directed  towards  the  planning  Co*-  secure  LANs.  Representation  from 
ESD,  AFCC  MITRE  (Basecomm  and  Bus  Networking  gtoups),  the  AFLANSPO, 
.rsd  the  users  groups  is  needed.  The  specific  needs  and  acquisitions 
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of  each  group  on  each  base  oust  bo  monitored  and  influenced  ao  as  to 
insure  the  development  of  tecure,  compatible  nt  "forks. 

Lastly,  but  aost  important,  it  is  hoped  that  a  set  of  Air  Force 
LAW  standards  is  generated,  which  include  security.  Homogeneous 
network  performance  can  be  achieved  only  if  uniform  standards  are 
applied. 
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ABSTRACT 

Head-down  rest  (HDR) ,  a  ground-based  simulation  o£  weightlessness, 
minimizes  the  hydrostatic  intra-  and  extravascular  pressure  gradients 
that  are  normally  present  in  the  upright  position  causing  a  headward 
fluid  shift.  As  a  result,  adaptive  changes  in  other  body  systems 
occur  producing  signs  of  orthostatic  intolerance  upon  reexposure 
to  normal  gravitational  forces.  These  adaptive  changes  seem  to  differ 
between  the  levels  of  aerobic  fitness.  With  this  in  mind,  a  pre¬ 
liminary  study  was  conducted  in  which  a  similar  protocol  to  this 
human  study  was  followed  except  dog  models  were  used.  However,  the 
dogs  were  instrumented  acutely  and  thus  were  unde.r  the  influences  of 
anesthesia  and  positive  pressure  ventilation  so  this  must  be  taken  into 
account  when  considering  the  results.  The  results  indicate  that  a 
difference  does  exist  between  trained  and  untrained  dogs  in  response 
to  head-down  rest  (HDR).  In  view  of  the  different  parameters  measured 
and  the  data  collected,  the  trained  dogs  responded  with  a  lesser  degree 
of  variation.  In  other  works,  the  trained  dogs  displayed  a  more  stable 
system  enabling  them  to  better  contend  with  any  perturbation  they 
might  encounter.  The  trained  dogs  seemed  to  be  able  to  compensate 
physiologically  for  the  disturbances  they  confronted,  thus  minimizing 
the  physiological  stress  and  maximizing  the  homeostatic  state.  On 
the  other  hand,  the  untrained  dogs  lacked  this  physiological  stability 
causing  a  pronounced  response  to  the  HDR.  Consequently,  the  training 
effect  seems  to  allow  one  to  respond  to  change  (HDR  or  weightlessness) 
with  minimal  physiological  stress.  However,  this  may  be  detrimental 
to  orthostatc  tolerance.  It  becomes  important  then  to  take  into  account 
the  aerobic  fitness  of  an  individual  when  dealing  with  the  weightless 
environment. 
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I.  INTRODUCTION! 

The  major  focus  of  the  experiment  will  be  to  compare  responses  to 
zero  gravity  and  orthostatic  tolerance  post-tilt  between  individuals 
with  different  fitness  levels.  Understanding  the  mechanisms  involved 
requires  elucidation  of  changes  in  plasma  renin-angiotensin  levels, 
plasma  catecholamine  levels,  body  fluid  shifts,  and  segmental  volume 
changes.  As  a  result,  further  significance  could  be  drawn  from  this 
study  regarding  the  use  of  the  head-down  tilt  method  as  a  means  of 
pre-flight  preparation  for  the  pilot. 

During  normal  erect  posture  most  blood  volume  is  usually  main¬ 
tained  below  the  level  of  the  heart.  Under  zero  gra/ity  or  head- 
down  rest  there  is  a  headward  shift  of  body  fluids  from  the  lower 
portions  of  the  body.  Therefore,  blood  tends  to  pool  in  the  thoracic 
cavity.  This  massive  fluid  shift  induces  adaptive  changes  in  other 
body  systems.  These  changes  are  referred  to  in  Figure  1  below. 
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Due  to  the  ambitious  nature  of  this  project,  time  limitations  and 
necessary  approval  of  th.’  rotocol  from  the  Surgeon  General’s  Committee, 
this  study  was  not  carrier  out  this  summer,  but  will  be  done  sometime 
in  the  future  under  the  sponsorship  of  the  Air  Force  Office  of  Scientific 
Research.  However,  a  study  similar  to  the  one  outlined  here  using  trained 
and  untrained  dogs  instead  of  human  subjects  as  the  experimental 
models  was  conducted  during  the  fall  and  winter  of  1983  and  the 
spring  of  19d4  under  an  AFOSR  mini-grant.  The  results  from  this 
experiment  are  discussed  in  another  section  of  this  report. What  follows 
is  the  proposed  protocol  for  this  experiment. 

II.  OBJECTIVES : 

The  objectives  of  this  experiment  are  to  determine  if  individuals 
of  different  working  capacities  respond  differently  to  head-down  rest 
and  to  elucidate  the  time  course  of  volume  changes  in  the  right  and 
left  heart,  so  that  a  correlation  between  these  changes  with  other 
biochemical  and  physiological  changes  may  be  made.  In  this  way  a 
clearer  understanding  of  the  mechanisms  involved  with  volume  reg¬ 
ulation  might  be  brought  forth. 

III.  PROCEDURES: 


i. 


A.)  HUMAN  STUDY 

1. )  Data  Collection:  During  the  week  before  the  experiment 
the  subject  will  visit  the  laboratory  for  familiarization  with  all 
equipment  and  procedures.  He  will  perform  an  orthostatic  tolerance 
test  and  a  maximal  exercise  stress  test  (bicycle  ergometer)  in  the 
afternoon  at  about  the  same  time  as  the  post-HDR  teBt.  On  the  day 
of  the  experiment,  the  subject  will  report  to  the  laboratory  at 
0730  and  will  be  instrumented  with  electrodes  for  ECG  and  IPG, 
venous  canula,  BP  cuff  and  echo  probe.  He  will  then  rest  in  the 
horizontal  and  head-down  positions  until  1430,  following  which  he 
will  undergo  orthostatic  tolerance  and  maximal  exercise  stress  tests, 
as  before.  He  should  be  finished  at  1S00. 

2. )  Conditions:  All  observations  will  be  made  at  an  ambient 
temperature  of  18  to  22  degrees  C.  During  the  resting  portions  of  the 
experiment,  every  effort  will  be  made  to  eliminate  sudden  noise, 
bright  light,  and  other  vasoactive  stimuli. 

3. )  Blood  Volume  and  Fluid  Balance:  The  subject  will  be 
weighed  nude  to  an  accuracy  of  10  g  before  and  after  the  experiment, 
and  all  intervening  intake  and  output  will  be  measured.  His  blood 
volume  will  be  determined  by  the  carboxyhemoglobin  method  at  the 
beginning  of  horizontal  rest:  The  level  of  COHb  Involved  is  far 
below  the  clinically  significant  value.  Shifts  in  plasma  volume 
will  be  estimated  using  Hct  and  Hb. 

4. )  Heart  Rate:  All  subjects  will  be  instrumented  with  a 
standard  ECG  for  monitoring  heart  rate  and  rhythm. 

5. )  Blood  Pressure:  Brachial  systolic  and  diastolic  pressures 
will  be  taken  with  a  conventional  manometric  system  during  each  test 
sequence. 
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6. )  Segmental  Fluid  Shifts s  Measurement  of  segmental  fluid 
shifts  will  employ  impedence  plethysmography,  a  technique  based  on 
changes  in  the  electrical  properties  of  tissue,  with  changes  in  fluid 
content.  Data  will  be  collected  for  six  body  segments:  The  upper 
and  lower  extremities  will  each  be  divided  into  proximal  and  distal 
segments  and  the  torso  will  be  divided  into  splanchnic  and  thoracic 
segments.  This  configuration  requires  a  total  of  nine  standard  ECG 
electrodes  on  each  subject.  This  electrical  impedence  measurement  is 
a  clinically  approved,  non-occlusive  method  that  may  be  used  to  obtain 
the  data  required  for  this  experiment. (3) 

7. )  Echocardiography:  Echoca rdiographs  will  be  obtained 
using  a  series  ultrasonoscope  with  its  transducer  placed  in  the  third, 
fourth-  or  fifth  intercostal  space,  depending  on  the  size  of  the 
subject.  Endocardial  echoes  of  the  left  side  of  the  interventricular 
septum  and  the  posterior  left  ventricular  wall  will  be  identified  as 
suggested  by  Popp  et  al.  (4).  Left  ventricular  volumes  and  stroke 
volumes  will  be  calculated  according  to  the  method  of  Teichholz  et  al. 
(5)  . 

8. )  Blood  Analysis:  Blood  will  be  drawn  through  a  venous 
cannula  with  heparin  lock.  Carbon  monoxide  determination  of  blood 
volume  involves  inhalation  of  a  tiny,  safe  dose  of  CO  and  taking  of 
two  7-ml  blood  samples.  Every  fifteen  minutes  the  first  two  hours 
and  every  hour  thereafter,  8-10  ml  of  blood  will  be  drawn  from  an 
arm  vein  for  determination  of  HCT,  hemoglobin,  sodium  and  potassium, 
catecholamines,  plasma  renin  activity,  plasma  aldosterone  and  plasma 
antidiuretic  hormone.  The  volume  of  blood  withdrawn  will  be  replaced 
with  an  equal  volume  of  plasma  substitute.  The  Hct,  Hb,  Na+  and  K+ 
will  be  determined  by  conventional  methods.  Plasma  renin  activity, 
catecholamines,  aldosterone  and  ADH  will  be  measured  by  radioimmuno¬ 
assay  methods  (1,2). 

9. )  Urine  Analysis:  Urine  will  be  analyzed  for  Na+  and  K+ 
using  flame  photometry. 
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TIMELINE 


ONE  WEEK 


TIME 

0730-0900 

0900-1000 

1000-1400 

1400-1415 

1415-1430 

1430-1530 

1530-1600 


PRIOR:  Record  physical  measurements: 

Weight  and  height  (nude) 

Body  composition  determination  by 
underwater  weighing 

Orthostatic  (standing)  tolerance  test 

Max  exercise  stress  test  on  bicycle  ergometer 

(Balke  protocol) 

ACTIVITY 

Report  to  the  laboratory;  weighing,  briefing 
and  instrumentation  with  electrodes,  venous 
line,  blood  pressure  cuff,  and  echocardiogram. 

Horizontal  rest  (0  degrees) .  Blood  volume 
measurement.  Data  collection  every  fifteen 
minutes  (ECG,  IPG,  blood  pressure,  and  blood 
sample) .  Urine  collected  as  necessary  and  at 
1000. 

Head-down  rest  (-6  degrees) .  Data  collected  every 
15  minutes  during  the  first  hour  and  hourly  there¬ 
after.  Light  lunch (soup  through  a  straw,  1200-1300). 
Urine  collected  as  necessary,  bladder  emptied  at  1400. 

Horizontal  rest. 

Horizontal  measurements. 

Orthostasis  and  maximal  exercise  stress  test  on 
bicycle  ergometer. 

Debriefing  and  dismissal. 


134-6 


B.)  DOG  STUDY:  Six  healthy  mongrel  dogs  (15-25  kg)  were  used 
as  experimental  animals.  The  animals  were  anesthetized  with  thiamyl- 
sodium  (4ml/5  lb  i.v.)  followed  by  a  chloralose/urethane  (15  ml/5  lb 
i-v.)  and  ventilated  under  positive  pressure  through  a  cuffed 
endotracheal  tube  with  a  standard  volume  animal  respirator  (Havard 
Apparatus,  Waltham-  MA) .  The  animal  was  positioned  on  the  right  side 
and  an  incision  made  on  the  left  hindleg  to  expose  the  saphenous  vein 
into  which  a  catheter  was  inserted.  The  catheter  was  connected  to  a 
3-way  stop-cock  so  that  drugs  could  be  administered  and  venous  blood 
samples  withdrawn.  The  dog  was  then  placed  on  his  left  side  and  a 
small  neck  incision  was  made.  The  right  common  carotid  was  exposed  and 
a  pulsed  Doppler  flow  probe  tied  into  place.  Careful  attention  was 
paid  to  assure  normal  carotid  artery  flow  velocity  with  no  constriction. 
The  pulsed  Doppler  flow  probe  was  calibrated  in  terms  of  Doppler 
frequency  shift.  A  baseline  zero  can  be  established  and  a  linear 
relationship  between  flow  and  frequency  snift  has  been  established  in 
vivo  (6) .  A  Doppler  flow  probe  was  also  placea  on  the  iliac 
artery  under  direct  vision.  Precaution  was  taken  to  prevent  arterial 
constriction.  The  dog  was  again  positioned  on  the  right  side  and  a 
left  flank  incision  made  through  which  the  left  renal  artery  was 
identified  and  encircled  with  a  pulsed  Doppler  flow  probe.  As  with 
the  other  flow  probes,  careful  attention  was  taken  to  avoid  constriction 
of  the  artery.  A  catheter  was  inserted  into  the  dog's  urinary  bladder 
in  order  to  measure  urine  output.  A  catheter  was  inserted  into  the 
left  femoral  artery  and  threaded  up  into  the  aorta  for  measurement  of 
the  systemic  arterial  pressure  (Statham  p230  Db  pressure  transducer). 
Central  venous  pressure  (CVP)  was  obtained  by  inserting  a  catheter  into 
the  jugular  vein  and  attaching  it  to  a  Statham  p230  Db  pressure 
transducer. 

Electrocardiographic  (ECG)  lead  AVF  was  established  through  needle 
leads  in  all  four  limbs.  Next,  a  left  thoracotomy  was  performed 
through  the  fifth  intercostal  space  and  the  heart  was  suspended  in 
a  pericardial  cradle.  With  the  aid  of  a  purse  string  suture,  a  solid 
state  pressure  transducer  (Koingsberg  P-7,  Pasadena,  CA)  was  inserted 
through  a  stab  wound  into  the  left  ventricular  apex.  A  Koingsberg 
pressure  transducer  was  also  inserted  through  a  stab  wound  into  the 
right  atrium. 

The  instrumentation  allowed  for  measurement  of  left  ventricular 
pressure  (LVP),  right  atrial  pressure  (RAP),  left  ventricular  end 
diastolic  pressure  (LVEDP) ,  systemic  arterial  systolic  pressure  (SP) , 
and  diastolic  pressure  (DP),  central  venous  pressure  (CVP),  heart 
rate  (HR),  renal,  carotid  and  iliac  artery  blood  flow  (RF,CP,IF), 
urine  output,  and  calculation  of  the  first  derivation  of  left  vent¬ 
ricular  pressure  (LV  dP/dt) .  Recordings  were  made  on  an  eig.'t 
channel  recorder  (Gould  brush  mark  200)  . 

Following  instrumentation,  control  baseline  measurements  were 
made  for  5  minutes  of  LVP,  RAP,  LVEDP,  SP,  DP,  CVP,  HR.  RF.  CF,  IF 
while  LV  dP/dt  and  mean  arterial  were  calculated.  A  5  ml  sample 
of  blood  was  drawn  from  the  catheter  in  the  saphenous  vein  for 
measurement  of  catecholamines  (norepinephrine,  epinephrine),  plasma 
renin  and  aldostrone  After  initial  measurements  were  taken,  the  dog 
was  tilted  to  a  6  degree  declination.  Measurements  were  taken  every 
15  minutes  for  two  hours,  tiien  the  dog  was  tilted  back  to  horizontal 
position.  After  the  last  measurements  were  made,  the  flow  probes 
were  calibrated  in  vivo,  then  the  dog  was  euthanized  with  a  saturated 
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solution  of  KCL. 

IV.  RESULTS*  What  we  can  conclude  from  this  study  is  that  when 
head-down  tilt  is  used  as  a  model  to  simulate  weightlessness,  the 
aerobic  fitness  of  the  subjects  has  to  be  taken  into  consideration. 

We  found  significant  differences  between  the  two  groups  of  trained 
and  untrained  (cage-confined)  dogs  in  CVP,  arterial  pressure.  LVP, 
contractility  of  the  heart  (as  measured  by  the  first  derivitive  of 
change  in  pressure  over  change  in  time)  and  RF.  CF,  and  IF.  It  seems 
that  the  cardiovascular  system  in  the  trained  dogs  was  more  stable 
and  less  susceptible  to  the  perturbations  introduced  by  head-down 
tilt  while  the  untrained  dogs  showed  much  more  variation  and  changes 
of  greater  magnitude  in  the  cardiovascular  parameters  measured. 

V.  RECOMMENDATIONS*  Despite  the  many  studies  on  man’s  adaptation 
to  simulated  zero  gravity,  no  conclusive  evidence  exists  as  to  the 
effect  of  physical  fitness  on  this  response  to  zero  gravity.  Although 
objective  comparisons  of  athletes  and  non-athletes  give  variable 
results,  it  has  been  suggested  that  the  more  physically  fit  person 
(high  V02)  is  less  tolerant  to  orthostatic  stress  when  volume  depleted 
as  a  result  of  diuresis  during  head-down  rest.  This  loss  of  blood 
volume  is  analogous  to  heat-related  volume  loss. 

The  investigators  in  this  study  would  eventually  like  to  find 
out  if.  in  fact,  there  are  relative  physiological  and  biochemical 
changes  between  trained  and  untrained  subjects,  dog  and  human, 
and  if  so,  to  whit  degree  these  parameters  vary  when  the  subjects 
go  from  the  horizontal  position  to  a  €  degree  head-down  position. 
Understanding  the  mechanisms  involved  requires  elucidation  of 
changes  in  plasma  renin-angiotensin  levels,  plasma  catecholamine 
levels  and  body  fluid  shifts.  As  a  result,  further  significance 
could  be  drawn  from  this  study  regarding  the  use  of  the  head-down 
tilt  method  as  a  means  of  pre-flight  preparation  for  the  pilot. 

Studies  have  shown  that  increased  activity  of  the  carotid  sinus 
nerve  due  to  hypervolemia  or  manual  stimulation  with  electrodes 
results  in  a  reflex  decrease  in  the  force  of  atrial  systole  by  a 
decrease  in  sympathetic  activity  to  the  heart.  A  suggestion  for 
follow-up  research  would  be  to  isolate  the  carotid  sinus  nerve  in 
an  animal  model.  A  small  neck  incision  could  be  made  to  expose  the 
left  internal  carotid  artery  at  its  origin  where  there  is  a  bulbous 
enlargement,  the  carotid  sinus,  which  is  about  3  mm  in  diameter  and 
4  mm  in  length  It  contains  an  afferent  fiber  called  either  the 
carotid  sinus  nerve  or  the  Bering  nerve  which  is  a  branch  of  the 
glossopharyngeal  nerve  (IX).  A  microelect rode  could  then  be  placed 
on  the  carotid  sinus  nerve  to  measure  its  electrical  activity. 

Then  one  could  determine  if  it  was  stimulation  of  the  carotid  sinus 
nerve  or  the  reduction  in  circulating  catecholamines  that  decreases 
sympathetic  activity  to  the  heart  resulting  in  an  attenuation  of  the 
force  of  atrial  systole. 
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FIGURE  2  -  Central  Venous  Pressure 
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FIGURE  3  -  Mean  Arterial  Pressure 
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FIGURE  4  -  Arterial  Systolic 
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FIGURE  5  -  Arterial  Diastolic 
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FIGURE  6  -  Left  Ventricular  Pressure 
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FIGURE  7  -  Positive  dp/dt 
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FIGURE  8  -  Carotid  Flow 
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FIGURE  9  -  Renal  Flow 
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RECOMMENDATIONS  ON  COMBUSTION  RESEARCH  AT 
TYNDALL  AIR  FORCE  BASE,  FLORIDA 


by 

Dr.  Arthur  M.  Sterling 
ABSTRACT 

With  a  view  toward  long-term  research  objectives,  the  current 
program  on  soot-abatement  research  being  supported  by  the  Environics 
Division  of  the  Engineering  and  Services  Center  at  Tyndall  Air  Force 
Base  has  been  reviewed.  It  is  argued  that  the  environmental 
consequences  of  soot  emission  from  aircraft  engines  for  Air  Force 
operations  warrent  an  expanded  research  program,  and  recommendations  on 
the  objectives,  the  direction,  and  the  scope  of  an  expanded  program  are 
giver. 
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I .  INTRODUCTION 


The  Environics  Division  of  the  Engineering  and  Services  Center  at 
Tyndall  Air  Force  Base,  Florida,  is  responsible  for  dealing  with 
environmental  problems  associated  with  Air  Force  operations.  Included 
in  these  problems  are  the  adverse  consequences  of  soot  formation  in 
gas-turbine  combus.ors. 

Several  factors  tend  to  reduce  the  effectiveness  of  the  research  on 
soot  formation  conducted  and  supported  by  the  Environics  Division.  But 
the  most  important  factor  is  the  absence  of  a  long-range  research  plan 
to  provide  direction  and  continuity  of  effort.  The  main  objective  of 
this  work  was  to  formulate  such  a  plan. 

Determining  the  status  and  direction  of  relevant  research  in  the 
field  wa3  the  most  time-consuming  phase  of  this  assignment.  This 
involved  an  extensive  review  of  reports,  technical  articles,  and  similar 
documents.  The  opportunity  to  meet  with  current  contractors,  and  to 
attend  the  AFOSR/ONR  Contractors  Meeting  on  Airbreathing  Combustion 
Research  was  generously  provided.  The  Twentieth  Symposium 
(International)  on  Combustion,  attended  separately  from  this  assignment, 
also  provided  substantial  background. 

The  concepts  and  philosophy  of  combustion  research  that  were  culled 
from  this  review  are  presented  in  this  report  instead  of  a  conventional 
literature  view.  The  intent  is  to  focus  attention  on  appropriate 
research  strategies  rather  than  on  the  minutia  of  individual  research 
programs . 

After  a  statement  of  the  goals  and  objectives  of  this  work,  the 
practical  environmental  problems  of  soot  emission  are  identified.  The 
fundamental  problem,  and  strategies  to  deal  with  the  fundamental  problem 
are  then  discussed.  These  discussions  provide  the  basis  for  a  review  of 
current  soot-abatement  research  at  Tyndall  and  a  recommended  plan  for 
future  research.  Finally,  suggestions  for  follow-on  research  are  given. 
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II.  GOALS  AMD  OBJECTIVES 

The  goal  of  thia  work  was  to  improve  the  effectiveness  of  the 

research  conducted  and  supported  by  the  Environics  Division  of  the  Air 

Force  Engineering  and  Service  Center  at  Tyndall  Air  Force  Base. 

The  specific  objectives  were  to: 

1.  Specify  the  current  and  anticipated  practical  environmental 
problems  associated  with  soot  formation  in  gas-turbine  combustors. 

2.  Identify  the  fundamental  physical  phenomena  underlying  these 

problems  and  relate  these  phenomena  to  similar  practical 

environmental  problems  that  must  be  dealt  with  by  the  Environics 
Division. 

3.  Review  the  current  and  anticipated  research  efforts  of  the 
Environmental  Sciences  Branch  with  respect  to  these  problems. 

A.  Survey,  through  available  literature  and  personal  contacts,  related 
research  efforts  in  other  military,  governmental,  industrial,  and 
university  laboratories. 

5.  Formulate  a  comprehensive  plan  for  soot-abatement  research  that 

will  help  to  eliminate  duplication  of  research  efforts,  improve 
technology  transfer,  and  optimize  research  efforts  and 
expenditures . 


III.  GLOBAL  PROBLEM 


Soot  formation  in  gas-turbine  combustors  is  of  increasing  concern 
to  the  U.S.  Air  Force.  Traditionally,  combustor  design  has  focussed  on 
achieving  maximum  power  and  reliable  performance  at  all  operating  speeds 
and  altitudes;  the  sooting  tendency  of  these  combustors  was  accepted  as 
an  undesirable,  but  tolerable,  characteristic.  This  is  no  longer  the 
case  —  Air  Force  operations  are  now  hindered  by  soot  emission  from 
aircraft  engines.  Furthermore,  as  fuel  specifications  are  broadened  to 
allow  higher  aromatic  content,  and  as  new  engines  (designed  to  operate 
at  higher  compression  ratios)  are  developed,  the  propensity  for  sooting 
will  increase. 

From  the  viewpoint  of  jet  engine  design  and  maintenance,  soot 
formation  is  undesirable  because  it  limits  operating  temperatures  and 
decreases  engine  lifetime.  At  combustion  temperatures,  soot  provides  a 
source  for  radiative  heat  transfer  to  the  combustor  liner.  This  effect 
can  lead  to  structural  damage  or  failure.  Also,  when  soot  impacts  on 
combustor  surfaces,  such  as  turbine  blades,  it  may  deposit  on  or  erode 
these  surfaces  causing  failur;  or  severe  maintenance  problems. 

The  emission  of  soot  from  jet  engines  is  also  undesirable  for  both 
tactical  and  environmental  reasons.  Soot  increases  plume  visibility  and 
thus  reduces  the  tactical  effectiveness  of  aircraft.  But  it  is  the 
environmental  consequences  of  soot  emission  that  are  critical.  The  real 
or  perceived  reduction  in  air  quality  during  routine  aircraft  training 
and  readiness  operations  is  impeding  these  missions.  For  example, 
engine  test  cell  operations  in  California  have  been  severely  curtailed 
because  of  a  failure  to  meet  EPA  standards  for  particulate  emissions. 

The  involvement  of  the  Engineering  and  Service  Center  at  Tyndall 
Air  Force  Base  with  the  sooting  problem  follows  from  the  environmental 
concerns.  Specifically,  the  Environmental  Sciences  Branch  of  the 
Environics  Division  is  responsible  for  dealing  with  soot  emission  from 
jet  aircraft  engines.  Although  it  is  generally  recognized  that  the 
ultimate  solution  to  soot  formation  lies  in  improved  engine  design,  the 
cost  of  retrofitting  existing  engines  with  design  modifications  is 
prohibitive.  Thus  the  effort  of  the  Environmental  Sciences  Branch  has 
been  directed  toward  fuel  additives.  What  is  needed  is  a  plan  to  focus 
and  coordinate  this  effort. 
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IV.  FUNDAMENTAL  PROBLEM 


A.  OVERVIEW 

The  mechanisms  of  soot  formation  are  deeply  embedded  in  the  complex 
process  of  combustion,  a  process  that  involves  very  rapid  chemical 
reactions  and  high  rates  of  physical  transport  at  elevated  temperatures. 
Although  combustion  science  has  not  yet  developed  the  comprehensive 
understanding  needed  to  solve  the  problem  of  sooting  in  combustors,  its 
fundamental,  axiomatic  approach  is  beginning  to  develop  fragments  of  the 
picture,  and  the  direction  of  future  research  is  being  focussed. 

Some  general  combustion  conditions  that  lead  to  soot  formation  are 
well  known.  For  example,  it  is  known  that  rich  fuel  mixtures  and  low 
combustion  temperatures  promote  sooting.  It  is  also  known  that  an 
increase  in  fuel  aromatic  content  and  an  elevation  of  pressure 
(conditions  anticipated  for  future  aircraft  engines)  increase  soot 
yield.  This  information  has  been  used  to  correlate  empirically  the 
effect  of  variations  of  fuel  properties  on  the  durability  and 
performance  of  a  given  combustor. 

It  is  a  much  more  difficult  task,  however,  to  predict  how  the 
performance  of  a  given  fuel,  or  the  effects  of  changes  in  fuel 
properties,  will  vary  from  one  combustor  to  another.  Because  of  the 
complexity  of  the  underlying  phenor.ena,  empirical  methods  will  have 
little  value.  Rather,  a  comprehensive  understanding  of  the  mechanisms 
of  soot  formation  will  be  required. 

It  is  the  second,  more  difficult  task  that  must  be  addressed  if  the 
global  problem  of  soot  emission  is  to  be  solved.  Thus  the  effort  of  the 
Environics  Division  should  be  directed  toward  elucidating  the  basic 
mechanisms  of  soot  formation,  with  a  strong  focus  on  the  effect  of  fuel 
additives.  Although  there  have  been  numerous  empirical  studies  of  the 
effect  of  fuel  additives  on  full  scale  combustors,  i.e.  the  first  task 
dir.cussed  above,  the  effect  of  fuel  additives  on  basic  mechanisms  has 
received  relatively  little  attention.  But  combustion  science  has 
developed  to  the  stage  where  fundamental  studies  are  now  feasible,  and 
support  of  these  fundamental  studies  by  the  Air  Force  will  provide  the 
information  necessary  to  deal  with  the  global  problem  of  soot  emission. 


B.  MECHANISMS  FOR  SOOT  FORMATION 

The  prevailing  concept  for  the  mechanisms  of  soot  formation  can  be 
auianarized  by  a  pathway  of  series  and  parallel  rate  processes  as  shown 
below. 

FUEL  AND  OXYGEN 

k 

PYROLYSIS  (SOOT  PRECURSORS) 

(Chemical) 

♦ 

NUCLEATION 

(Chemical  and  Physical) 


SURFACE  GROWTH 
(Chemical) 


COAGULATION 

(Physical) 


BURNOUT 

(Chemical) 


EMISSION 

(Physical) 


Although  this  concept  is  quite  simple,  the  details  along  the 
pathway  are  extremely  complex.  Each  of  the  rate  processes  are  strongly 
coupled  to  the  local  temperature,  pressure,  and  species  concentration, 
which  in  turn  are  coupled  to  the  local  rates  of  heat  and  mass  transport 
(i.e.  aerodynamics  and  radiation).  The  process  is  further  complicated 
by  the  very  large  number  of  chemical  species  that  take  part  in  an  even 
larger  number  of  chemical  reactions. 

The  difficulty  of  predicting  the  effect  of  a  fuel  additive  on  soot 
formation  is  evident  when  one  recognizes  that  the  added  species  may  have 
an  effect  ?.t  each  stage  in  this  pathway,  and  the  effect  may  be  to  either 
promote  or  3upress  the  rate  process,  depending  on  local  conditions.  It 
should  not  be  surprising,  therefore,  that  a  given  additive  may  supress 
soot  formation  in  one  type  of  combustor  (or  flame)  while  it  may  promote 
soot  formation  in  another. 

To  understand  the  processes  of  soot  formation  one  needs  to 
understand  the  processes  of  combustion,  and  an  elucidation  of  these 
processes  will  provide  an  understanding  of  the  formation  and  emission  of 
other  chemical  species.  The  implications  are  clear.  A  comprehensive 
program  on  soot  formation  in  combustors  will  provide  the  knowledge  to 
deal  with  the  environ.">'.*ntal  consequences  of  related  combustion 
processes,  such  as  hazardous  waste  incineration,  and  will  have 
comprehensive  application  to  a  variety  of  environmental  problems  faced 
by  the  Air  Force. 
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fundamental  combustion  mechanisms  and  the  effects  of  alterations  in 
flame  conditions  on  combustion  products  can  be  studied. 

Turbulent  diffusion  flames  are  one  step  closer  to  practical  fires. 
Because  turbulence  enhances  the  mixing  of  fuel  and  oxygen,  combustion  is 
■ore  efficient.  The  interpretation  of  laboratory  data  on  turbulent 
diffusion  flames,  however,  is  more  difficult  because  of  our  inability  to 
model  turbulence  accurately.  Empirical  eddy-diffusion  models,  which  are 
adequate  to  describe  flows  like  those  in  boundary  layers,  are  inadequate 
to  describe  complex  turbulent  reacting  flows.  Although  the  modeling  of 
turbulent  reacting  flows  is  a  current  area  of  intense  theoretical 
research,  models  sufficiently  detailed  for  a  mechanistic  interpretation 
of  data  from  turbulent  diffusion  flame  seem  remote.  Thus  investigations 
of  turbulent  diffusion  flames,  in  the  near  future  rfill  be  limited  to 
phenomenological  descriptions  and  empirical  results.  Nevertheless,  such 
studies  are  extremely  important  because  they  serve  as  a  bridge  between 
simpler-  laboratory  flames  and  practical  combustors,  and  they  provide 
experimental  observations  against  which  models  of  turbulent  reacting 
flows  can  be  tested. 

A  still  more  complicated  laboratory  model,  and  one  characteristic 
of  many  practical  combustors  including  gas  turbine  engines,  is  a  spray 
flame.  When  liquid  fuel  droplets  are  injected  into  a  turbulent  flame, 
they  must  be  heated  and  the  fuel  vaporized  before  it  can  burn.  Thus  two 
additional  physical  processes  must  be  accounted  for,  and  these  processes 
are  strongly  coupled  to  the  velocity  and  temperature  fields.  At 
present,  only  the  global  features  of  spray  flames  are  known.  The 
detailed  combustion  mechanisms  that  determine  combustion  efficiency, 
soot  formation,  and  the  like  are  still  to  be  elucidated.  Ultimately, 
the  improved  design  of  fuel  injection  nozzles  and  gas  turbine  combustors 
will  depend  on  how  well  we  understand  these  details. 

To  develop  a  predictive  capability  for  the  effect  of  fuel  additives 
in  gas  turbine  combustors,  we  need  to  develop  a  firm  understanding  of 
additive  effects  in  flames  --  from  the  very  simplest  to  the  most 
complex.  These  studies  must  build  one  upon  the  other,  and  they  must  be 
closely  coordinated.  Shock  tube  studies  can  separate  out  the 
temperature  and  concentration  effects  from  the  aerodynamics.  Studies 
with  pre-mixed  flames  can  reveal  the  effects  of  one-dimensional 


temperature  and  concentration  fields.  Diffusion  flames  can  provide 
information  of  the  effects  of  the  relative  rates  of  chemical  reaction 
and  mass  and  heat  transport,  and  the  like.  Although  there  is  no  lack  of 
interest  or  effort  in  flame  research,  there  is  a  surprising  and 
unfortunate  lack  of  coordination  and  interaction. 

D.  IMPLICATIONS  FOR  RESEARCH  PLANNING 

What  approaches  can  be  taken  to  develop  the  comprehensive 
understanding  needed  to  solve  the  problem  of  soot  formation  in 
combustors?  Let's  consider  two  extremes. 

One  could,  for  example,  initiate  programs  in  say  tea  different 
laboratories  to  study  the  sooting  behavior  of  ten  different  fuel- 
additive  systems  in  pre-mixed  flames.  Such  a  program  would  have  a 
uniformity  of  approach,  and  upon  collecting  and  analyzing  the  results  of 
these  studies,  one  might  develop  a  good  understanding  of  fuel  additive 
effects  in  pre-mixed  flames.  But  one  could  not  predict  from  these 
results  the  effect  of  the  additives  in  any  given  combustor. 

In  contrast,  one  could  establish  a  large  research  team  in  a  single, 
well-equipped  laboratory.  Experimental  measurements  with  shock  tubes, 
pre-mixed  flames,  laminar  diffusion  flames,  turbulent  diffusion  flames 
and  spray  flames  could  be  tarried  out  on  identical  fuel-additive 
systems.  The  hypothesis  of  soot  formation  developed  and  tested  for  each 
experimental  system  could  be  continuously  tested  against  comparable 
hypotheses  developed  for  the  other  experimental  systems  in  order  to 
develop  a  global  hypothesis  valid  for  all  systems.  In  other  words,  the 
study  would  be  designed  not  for  uniformity  of  approach  but  for 
convergence  to  the  solution.  As  with  any  study  of  such  breadth,  the 
keys  to  convergence  would  be  the  continual  coordination  of,  and 
interaction  between,  various  parts  of  the  study. 

A  third  and  more  practical  intermediate  approach  would  be  to 
establish  programs  in  different  centers,  each  center  studying  soot 
formation  in  a  different  type  flame,  but  each  using  the  same  fuel- 
additive  systems.  Clearly,  the  coordination  and  interaction  needed  for 
a  successful  solution  would  be  more  difficult,  but  the  program  would 
provide  convergence.  The  key  would  be  for  the  coordinating  center  to  be 
actively  involved  in  at  least  one  part  of  the  experimental  program. 
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The  third,  intermediate  approach  seems  suitable  as  a  model  for  the 
Environics  Division  to  use  in  planning  future  research:  there  is  a 
niche  in  current  combustion  research  for  fuel  additive  effects  on  soot 
formation;  this  research  is  relevant  to  the  environmental  problem;  and  a 
substantial  portion  of  a  broad-based  experimental  program  is  already  in 
place.  What  is  left  to  develop  is  an  extension  of  the  experimental 
program  to  other  flames  and  a  means  to  provide  the  coordination. 


V.  STATUS  OF  COMBUSTION  RESEARCH  AT  TYNDALL  AFB 


The  past  combustion  research  supported  by  the  Environics  Division 
of  the  Engineering  and  Services  Center  at  Tyndall  Air  Force  Base  has 
been  concerned  with  additive  effects  on  soot  formation.  This  effort  has 
been  underway  for  approximately  six  years.  In  1978,  the  Engineering  and 
Services  Center  requested  a  review  of  soot  control  by  fuel  additives 
that  was  undertaken  by  Professor  J.B.  Howard  and  Professor  W.J.  Kausch, 
Jr.  at  MIT.  The  major  conclusion  was  that  metal  additives,  particularly 
those  of  Mn,  Fe,  and  Ba ,  can  reduce  the  soot  content  in  the  exhaust  of 
practical  flames.  It  was  noted,  however,  that  the  understanding  of  the 
role  of  additives  was  qualitative,  and  it  was  recommended  that  the 
mechanisms  of  additive  action  be  investigated  in  well-controlled 
laboratory  flames.  In  1979,  a  contract  was  initiated  with  Professor 
G.S.  Samuelson  at  the  University  of  California,  Irvine,  to  develop 
methods  by  which  additive  effects  on  soot  formation  in  a  laboratory 
scale  combustor  could  be  studied  (see  below).  As  part  of  this  contract, 
a  laboratory  scale  combustor  and  a  laser  diagnostic  system  for  particle 
size  measurements  were  constructed  and  installed  at  Tyndall.  Also  in 
1979,  a  study  was  initiated  at  the  Mobile  Energy  Division  of  Southwest 
Research  Institute,  under  the  direction  of  D.W.  Naeyeli,  G.E.  Fodor,  and 
C.D.  Moses,  to  investigate  the  use  of  fuel  micrcemulsions  for  soot 
reduction.  Tests  were  run  in  a  T-63  combustor.  The  major  conclusions 
were  that  fuel-alcohol  emulsions  reduced  soot  formation,  and  that  when 
ferrocene  was  added  to  the  emulsion,  its  effect  was  to  catalyze  the 
oxidation  of  soot  rather  than  to  suppress  its  formation. 

In-house  research  on  sooting  was  carried  out  at  Tyndall  from  1980 
through  1982.  This  work  involved  developing  techniques  for  collecting 
combustion  aerosols  with  an  isokinetic  probe  and  analyzing  the  samples 
with  an  electrical  aerosol  analyzer.  Measurements  were  made  on  the 
laboratory-scale  combustor.  Since  that  time,  the  combustor  has  been 
modified  and  the  laser-based  particle  size  analyzer  has  been  installed, 
but  few  systematic  studies  have  been  carried  out  by  Tyndall  personnel. 

The  current  involvement  of  the  Environics  Branch  with  combustion 
research  (soot  formation  in  particular)  is  exclusively  through 
contracts.  Three  research  programs  are  currently  being  supported.  Two 
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of  these  are  research  contracts,  one  dealing  with  measurements  on 
laminar  diffusion  flames,  the  other  with  highly  turbulent  recirculating 
flames.  The  third  is  a  task-order  contract  dealing  with  specific 
problems  in  the  Tyndall  combustion  laboratory. 

A  brief  overview  of  the  goals  and  status  of  these  contracts  is 
given  below.  This  is  followed  by  an  evaluation  of  the  status  and 
potential  of  the  Tyndall  combustion  laboratory. 

A.  CURRENT  CONTRACT  RESEARCH 


1 .  Laminar  Diffusion  Flames 

Studies  on  laminar  diffusion  flames  are  being  carried  out  by  Dr. 
Paul  Bonczyk  at  United  Technology  Research  Center,  East  Hartford, 
Connecticut.  The  objective  is  to  clarify  the  mechanisms  responsible  for 
fuel-additive  suppression  of  soot. 

Laser  diagnostics  (Mie  scattering,  extinction,  laser-induced 
fluorescence,  and  coherent  anti-Stokes  Raman  spectroscopy)  will  be  used 
to  provide  in-situ  and  spatially  precise  measurements  of  soot  particle 
size,  species  concentrations,  additive  chemical  status,  and  temperature 
throughout  the  flame  zone.  These  data  will  provide  the  basis  for  a 
coherent,  quantitative  explanation  of  the  action  of  organic  and 
inorganic  compounds  of  Ba ,  Fe,  K,  and  Mn  on  soot  formation  and  burnout. 

Although  this  program  is  well-conceived,  and  is  being  conducted  in 
a  setting  with  access  to  expertise  in  related  areas  (especially  laser 
diagnostics),  it  would  benefit  greatly  from  access  to  kinetic  data 
obtained  independently  for  the  same  system  of  fuels  and  additives.  Thus 
the  collaboration  of  this  program  with  related  programs  using  shock 
tubes  to  obtain  kinetic  data,  as  well  as  with  programs  using  pre-mixed 
and  turbulent  flames  should  be  encouraged. 

2 .  Turbulent  Flames 

Professor  G.S.  Samuelson  is  investigating  soot  production  in 
complex  turbulent  diffusion  flames  at  the  University  of  California, 
Irvine.  A  model  laboratory  combustor  is  used  to  simulate  two  important 
features  of  practical  combustors  —  swirl  and  highly-turbulent 
recirculation.  The  objective  is  to  provide  quantitative  information 
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about  the  effects  of  fuel  properties,  fuel-additive  properties,  and 
combustor  operating  conditions  on  soot  formation  and  burnout.  Both 
prevaporized  and  liquid  fuels  are  being  tested. 

Laser-diagnostic . techniques  are  used  to  provide  spatially-resolved, 
non-invasive  measurements  of  mean  velocity,  soot  number  density,  and 
size  distributions  of  soot  particles  and  fuel  droplets.  These 
techniques  include  laser-dopoler  velocimetry,  intensity  ratioing,  and 
laser  interferometry.  Comparisons  of  these  non-invasive  measurements 
with  results  from  conventional  sampling  probes  have  also  provided  a 
measure  of  probe  effects,  an  important  consideration  for  recirculating 
flows . 

The  interpretation  of  soot  measurements  obtained  from  this 
combustor,  in  terms  of  fundamental  mechanisms  for  soot  formation  and 
burnout,  is  extremely  difficult  in  the  absense  of  estimates  for  local 
unmixedness.  Such  estimates  could  be  obtained  from  non-invasive 
measurements  of  local  species  concentration.  Thus  the  addition  of 
laser-based  diagnostics  for  concentration  measurements  (CARS)  would 
substantially  enhance  the  contribution  of  this  program  to  the  overall 
understanding  of  soot  formation  and  abatement. 

3 .  Task-Order  Contracts 

The  Environics  Branch  has  established  a  task-order  contract  with 
the  University  of  Florida.  Of  several  projects  handled  under  this 
contract  by  Dr.  Charles  Proctor,  one  deals  specifically  with  the 
operation  of  the  experimental  combustion  facility  in  the  Tyndall 
laboratory.  The  objectives  are  to  verify  the  intensity  ratio  technique 
for  particle  size  analysis  and  to  characterize  the  effect  of 
modifications  to  the  Dilute-Swirl  Combustor  on  soot  formation. 

Particles  of  known  size  will  be  used  to  calibrate  the  intensity- 
ratio  processor.  Of  specific  interest  is  the  accuracy  of  the  method  and 
the  sensitivity  of  measurements  to  system  parameters  and  particle 
properties  (such  as  refractive  index).  Also  of  interest  is  the 
continuity  of  measured  size  distributions  over  variations  in  the  angle 
ratios . 

The  DSC  will  be  modified  to  simulate  a  bluff-body  combustor.  The 
aerodynamics  of  this  configuration  will  be  characterized  at  the 
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University  of  Florida,  and  the  concomitent  sooting  behavior  will  be 
characterized  at  Tyndall. 

B.  IN-HOUSE  RESEARCH 


1 .  Overview 

A  substantial  effort  has  been  extended  to  establish  and  equip  a 
combustion  research  laboratory  at  Tyndall  Air  Force  Base.  But  it  has 
been  difficult  to  maintain  the  level  of  research  effort  because  the 
staff  members  in  the  Environics  Division  have  relatively  short  tours  of 
duty.  As  new  personnel  frequently  move  into  and  out  of  staff  positions, 
they  carry  with  them  their  own  interests  and  their  own  backgrounds.  It 
is  not  surprising,  therefore,  that  continuity  of  research  effort  and 
focus  is  often  lacking.  And  this  lack  of  continuity  affects  not  only 
the  ability  to  conduct  in-house  research,  but  also  the  ability  to 
monitor  and  to  coordinate  effectively  contract  research  on  a  problem  as 
complex  as  soot  formation  in  combustors.  It  is  clear  that  in-house 
research  is  a  necessary  component  for  an  effective,  comprehensive 
research  program. 

2.  Potential 

The  potential  for  significant  in-house  research  is  excellent.  The 
laboratory  has  facilities  that  duplicate  the  basic  equipment  being  used 
by  Professor  Samuelson  at  UCI,  i.e.  a  Dilute  Swirl  Combustor  (DSC)  and 
an  Integrated  Particli  Sizing  System  (IPSS).  There  are  also  available  a 
variety  of  aerosol  generators  and  aerosol  sizing  instruments.  In 
addition,  the  Environics  Chemistry  Laboratory  is  equipped  to  provide 
substantial  support  in  analytical  chemistry. 

Of  even  greater  importance  is  the  commitment  by  the  Engineering  and 
Service  Center  to  deal  with  the  problem  of  soot  formation  on  a 
fundamental  level.  The  combustion  laboratory  has  been  identified  as  an 
important  component  for  a  technology  thrust  within  the  Environics 
Division,  i.e.  there  is  administrative  support  to  move  toward  technology 
development  (basic  research)  in  combustion. 

Thus  the  basic  elements  for  effective  in-house  research  --  a  well- 
equipped  laboratory  and  administrative  support  --  are  present. 
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VI.  RECOMMENDATIONS 


It  is  recommended  that  a  viable  combustion  laboratory  be  re¬ 
established  within  the  Engineering  and  Services  Center  at  Tyndall  Air 
Force  Base,  and  that  this  laboratory  be  fully  operational  in  three 
years . 

The  responsibilities  of  the  laboratory  should  be  to: 

•  Develop  an  expertise  in  basic  combustion  science. 

•  Carry  out  substantial  portions  of  a  comprehensive,  fundamental 
research  program  on  soot  formation  and  abatement,  with  a 
strong  focus  on  the  effects  of  fuel  additives. 

•  Establish  and  coordinate  related  contract  research  with  other 
private,  university,  and  government  laboratories. 

•  Act  as  a  central  clearing  house  for  pertinent  technology 
transfer. 

A.  BASIS  FOR  RECOMMENDATION 

This  recommendation  is  based  on  the  following  hypotheses, 
summarized  from  the  preceeding  sections: 

1)  The  understanding  and  control  of  combustion,  and  the 
resolution  of  its  environmental  consequencies  are,  and  will 
continue  to  be,  significant  areas  of  concern  for  Air  Force 
operations . 

2)  The  understanding  and  control  of  soot  formation  and  abatement 
can  be  achieved  only  through  a  comprehensive,  coordinated 
investigation  of  its  fundamental  mechanisms  and  processes. 

3)  The  current  approach  of  the  Engineering  and  Services  Center  to 
environmental  problems  associated  with  soot  formation  will 
neither  lead  to  a  timely  resolution  of  current  problems  nor 
provide  a  technological  base  for  the  resolution  of  future 
combustion  problems  in  other  related  areas,  such  as  hazardous 
waste  incineration. 

4)  The  Engineering  and  Services  Center  is  committed  to  develop 
and  support  a  quality  thrust  in  combustion  science. 


B.  RECOMMENDED  PROCEDURES 

To  make  the  Combustion  Laboratory  operational  in  three  years, 
immediate  steps  need  to  be  taken  to 

1)  Define  the  direction  and  scope  of  the  laboratory. 

2)  Determine  manpower  needs  and  initiate  a  search  for  personnel. 

3)  Provide  suitable  facilities  and  adequate  ancillary  services. 
In  addition,  the  interim  research  program  needs  to  be  tailored  to  the 
anticipated  direction  and  scope  of  the  laboratory.  Recommendations  on 
these  steps  are  given  below. 

1 .  Direction  and  Scope 

As  the  centralized  and  coordinating  laboratory  in  a  comprehensive 
research  program,  the  Tyndall  Combustion  Laboratory  should  develop  the 
in-house  expertise  and  facilities  to 

Critically  evaluate  instrumentation  and  techniques  for  combus¬ 
tion  measurements  including,  but  not  limited  to,  laser 
diagnostics.  For  example,  the  analytical  instrumentation  in 
the  Environics  Chemistry  Laboratory  should  be  fully  utilized. 
Instrument  development,  however,  should  not  be  a  topic  for 
in-house  research. 

Establish  a  fundamental  program  for  measurements  of  the  fate 
and  effect  of  fuel  additives  in  premixed  flames.  As  well  as 
providing  fundamental  information  crucial  to  the  coordination 
of  contract  research,  pre-mixed  flames  will  provide  a  well- 
controlled  environment  for  instrument  evaluation. 

*  Extend  to  new  additives  and  modified  combustor  configurations, 
measurements  of  sooting  characteristics  in  the  Dilute  Swirl 
Combustor . 

Coordinate  related  contract  research  on  shock  tubes,  laminar 
diffusion  flames,  and  laboratory-scale  combustors.  When 
appropriate,  contract  research  should  be  expanded  to  include 
spray  flames. 

•  Maintain  state-of-the-art  knowledge  of  fundamental  combustion 
science . 
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2.  Personnel 

A  combustion  laboratory  with  the  direction  and  scope  proposed  above 
will  require  a  staff  with  expertise,  continuity  and  dedication.  It  is 
proposed  that  the  staff  include,  as  a  minimum, 


one  permanent 
two  temporary 
one  permanent 
one  permanent 


senior  scientist 
junior  scientists 
full-time  technician 
half-time  secretary. 


The  senior  scientist  will  be  the  key  to  developing  a  viable  combus¬ 
tion  laboratory  and  providing  the  continuity  of  research.  Clearly,  this 
position  will  require  an  individual  with  proven  expertise  in  the  field 
of  combustion,  a  keen  interest  in  experimental  investigations  of  funda¬ 
mental  combustion  mechanisms,  and  experience  in  the  administration  of 
multi-disciplinary  research  programs.  A  minimum  five  year  commitment 
should  be  required  of  the  initial  appointee. 

The  junior  scientists  should  be  temporary  in  the  sense  that  their 
commitment  to  the  laboratory  would  be  from  one  to  three  years.  One  of 
the  positions  should  be  staffed  by  military  personnel  with  a  three-year 
term  appointment.  The  second  position  should  be  used  for  one  to  two 
year  "visiting"  appointments  of  university  faculty  (under  the  University 
Resident  Research  Program,  for  example),  post-doctoral  associates,  and 
the  like. 

The  technician ,  whether  military  or  civilian,  should  be  permanent. 
The  individual  should  have  a  working  knowledge  of  digital  electronics, 
and  experience  with  optical  systems  would  be  desirable.  Given  the 
outstanding  technical  training  programs  offered  by  the  Air  Force,  it 
should  not  be  too  difficult  to  find  a  suitable  candidate.  The  impor¬ 
tance  of  this  position,  however,  should  not  be  underestimated.  The 
success  of  the  combustion  laboratory  will  depend,  in  large  part,  on 
staffing  the  position  with  a  competent  and  dedicated  individual. 

The  secretary  should  be  half-time  in  the  sense  that  either  part- 
time  work  or  shared  responsibilities  with  other  programs  within  the 
Environics  Division  would  be  acceptable. 
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3.  Facilities  and  Support 

A  modern  research  laboratory  with  the  goals,  scope,  and  personnel 
proposed  above  will  require  modern  research  facilities  and  adequate 
ancillary  support.  Thus  assurances  should  be  made  now  for  adequate 
laboratory  space  in  the  new  Research  Center.  The  selection  and  purchase 
of  major  pieces  of  laboratory  equipment,  however,  should  be  at  the 
discretion  of  the  Senior  Scientist  and  be  in  keeping  with  the  specific 
objectives  of  the  Combustion  Laboratory. 

Two  other  problem  areas  require  an  early  resolution.  First,  steps 
should  be  taken  to  assure  access  to  a  large,  high-speed  digital 
computer,  since  the  modeling  of  fundamental  combustion  phenomena  will  be 
an  integral  part  of  the  research  program.  Second,  the  telephone  system 
needs  to  be  vastly  improved.  The  present  system  is  inconvenient,  time 
consuming,  and  totally  inadequate  to  meet  the  needs  of  a  modern  labora¬ 
tory.  If  my  experience  is  typical,  the  number  of  man-hours  expended  by 
the  use  of  the  present  Autovon  system  must  be  enormous.  To  achieve  the 
goals  proposed  above,  laboratory  staff  will  need  frequent  and  rapid 
telephone  access,  and  they  will  need  to  expend  their  time  on  more  pro¬ 
ductive  activities  than  dealing  with  the  present  telephone  system. 

C.  INTERIM  PROGRAMS 

To  provide  the  proposed  combustion  laboratory  with  strong  founda¬ 
tion,  due  consideration  needs  to  be  given  to  the  program  over  the  next 
three  years.  These  considerations  need  to  include  both  contract  and 
in-house  research. 

1 .  Contract  Research 

The  present  contract  research  should  be  continued  and  adequately 
supported.  The  programs  being  carried  out  by  Dr.  Bonczyk  and  Dr. 
Samuelson  are  responsive  to  the  problem,  well-conceived,  and  productive. 
If  these  programs  are  continued  and  encouraged  to  develop,  they  will 
provide  an  exceptionally  strong  base  for  the  proposed  comprehensive 
research  program.  Thus  any  tendency  to  put  these  programs  on  a  "back 
burner"  during  the  interim  period  should  be  avoided. 

Contract  research  should  be  initiated  to  provide  crucial  kinetic 
data  from  shock-tube  measurements.  As  discussed  above,  this  work  will 
be  a  vital  part  of  the  comprehensive  program,  and  it  should  be  initiated 
at  the  earliest  opportunity. 
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Finally,  the  contract  research  needs  to  be  much  aore  closely  co¬ 
ordinated.  Travel  funds  should  be  made  available  to  the  contractors  for 
yearly  one-  to  two-day  workshops  at  Tyndall  to  evaluate  and  compare 
current  results,  identify  specific  problem  areas,  and  coordinate  future 
work.  Also,  copies  of  progress  reports  should  be  routinely  distributed 
among  the  contractors.  The  initial  step  to  improve  coordination  has 
been  taken  through  an  informal  meeting  of  the  contractors  at  the 
Twentieth  Symposium  on  Combustion  in  Ann  Arbor,  where  it  was  uniformly 
agreed  that  coordination  is  desirable  and  necessary,  and  that  informal 
coordination  would  be  established.  But  this  coordination  needs  to  be 
formalized  by  Tyndall  personnel. 

The  proposed  coordination  in  the  interim  period  should  not  be  con¬ 
strued  as  a  means  to  exclude  others  from  participation  in  the  future 
research  program.  Rather  it  should  be  regarded  as  the  most  efficient 
way  to  build  the  foundation.  Once  the  combustion  laboratory  is 
established,  the  continued  participation  of  the  present  contractors  will 
rest  on  their  indivdual  merits. 

2 .  In-house  Research 

During  the  next  three  years,  the  in-house  research  needs  to  focus 
on  the  operation  of  current  experimental  equipment,  i.e.  the  Integrated 
Particle  Sizing  System  (IPSS)  and  the  Dilute  Swirl  Combustor  (DSC).  The 
present  condition  of  this  equipment  precludes  the  collection  of 
meaningful  data.  A  recommended  sequence  for  in-house  research,  together 
with  a  time-table  (to  coordinate  with  a  move  to  the  new  AFESC 
laboratories  in  1985)  is  given  in  Table  I. 

This  work  could  be  accomplished  in  several  ways.  First,  it  could 
be  the  prime  responsibility  for  the  recently  approved,  but  as  yet 
unfilled,  position  for  a  mechanical  engineer  in  the  Environmental 
Sciences  Branch.  Second,  it  could  be  handled  as  a  task  order  under  the 
contract  with  the  University  of  Florida.  Third,  a  new  contract  for  all 
or  part  of  this  work  could  be  established.*'  Whichever  option,  or 
combination  of  options,  is  selected,  the  work  must  be  initiated  as 
quickly  as  possible.  It  has  to  be  done,  whether  or  not  the  other 
recommendations  given  here  are  favorably  received.  The  unacceptable 
alternative  is  to  abandon  in-house  research  activities  completely. 

*  A  RISE  proposal  te  perform  portions  of  the  recommended  work  for  ^BA¬ 
SS  has  been  submitted  by  the  author. 
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Table  I.  Recommended  Tasks  for  In-house  Research  1984-87 


1986-87 


tion) . 

Evaluate  Visibility  Processor  Data  (calibration  and 
interpretation) . 

Duplicate  selected  portions  of  Irvine  data. 

Initiate  DSC  measurements. 

Review  in-house  program  in  consultation  with  contractors. 
Complete  initial  DSC  measurements  program. 
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Year 

Tasks 

'  *  ' 
VV 

1984-85 

Identify  and  correct  problems  with  the  IPSS  Ratio  Processor 

/•>; 

electronics . 

• 

Identify  and  correct  problems  with  the  IPSS  Ratio  Processor 

i-.V': 

software . 

■W 

y’W 

• 

Correct  and  extend  the  IPSS  Ratio  Processor  software 

KvS 

tables  (cross-section,  probe  volume  correction,  etc.). 

• 

Initiate  critical  analysis  of  IPSS  Visibility  Processor 

iVi 

electronics  and  software. 

• 

Purchase  minor  equipment  fcr  laboratory3 

t'-V- 
•  *  -  ■  » 

• 

Establish,  in  consultation  with  current  contractors,  a 
program  of  DSC  measurements  for  next  two  years. 

1985-86 

Move  to  new  Research  Laboratory  (install  DSC,  IPSS,  and 

other  particle  sizing  equipment). 

m 

• 

Allign  optical  system  of  IPSS. 

1  V 

t 

pvv; 

rV* 

• 

Evaluate  Ratio  Processor  Data  (calibration  and  interpreta- 

[1 


K  I 

177* 

(v-: 

KV 


Prepare  for  laboratory  additions. 

Review  in-house  program  in  consultation  with  contractors. 


A  list  of  recommended  minor  equipment  has  been  transmitted  to  the 
Environmental  Sciences  Branch  separately  from  this  report. 
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VII.  SUGGESTIONS  FOR  FOLLOW-ON  RESEARCH 


The  objectives  of  the  suggested  follow-on  research  are  to: 

1)  Provide  assistance  to  the  Environics  Division  in  solving  some 
immediate  instrumental  problems,  and 

2)  Establish  a  basis  for  assitance  in  meeting  future  research 
objectives . 

The  immediate  problem  deals  with  the  Integrated  Particle  Sizing 
System  software.  It  is  suggested  that  the  correction  of  software 
problems  recommended  in  Section  VI  is  an  appropriate  first-year  task  for 
a  new  Ph.D.  student  in  chemical  engineering  at  LSU.  This  work  can  be 
done  at  LSU,  and  a  RISE  proposal  to  support  this  effort  has  been 
submitted . 

The  future  work  would,  ideally,  involve  the  same  Ph.D.  student. 
The  intention  is  to  seek  Air  Force  support  for  this  student  to  conduct 
full-time  dissertation  research  in  the  Tyndall  combustion  laboratory. 
It  is  anticipated  that  this  appointment  would  t>e  from  two  to  three 
years.  The  topic  of  the  research  can  be  determined  at  a  later  time,  but 
it  rhould  be  in  keeping  with  the  long-rangr  objectives  of  the 
laboratory. 
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ELECTROMAGNETIC  LENS  DESIGN  TECHNIQUES 


By 

Alexander  P.  Stoue 

ABSTRACT 

A  lens  design  technique  developed  by  Baum  for  transitioning  TEM  waves,  ideally  with  no 
reflection  or  distortion,  between  cylindrical  and  conical  transmission  lines  uses  a  differential 
geometric  approach  combined  with  Maxwell’s  equations  and  the  constitutive  parameters  €  and 
ft  in  an  orthogonal  curvilinear  coordinate  system.  Isotropic  but  inhomogeneous  media  are  con* 
sidered.  An  alternative  approach,  which  has  been  used  in  the  design  of  an  anisotropic  lens,  uses 
differential  impedance  and  transit-time  matching.  These  two  approaches  are  shown  to  be 
equivalent  under  certain  assumptions.  Recommendations  are  made  for  further  research  on  these 
methods. 
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I.  INTRODUCTION 

The  problems  to  be  investigated  under  the  1084  Summer  Faculty  Research  Program  arose  in 
earlier  research  on  electromagnetic  lens  design.  This  research  was  started  during  the  1082  SFR 
Program  and  continued  under  a  1083  AFOSR  minigrant.  This  research  was  concerned  with  a 
differential  geometric  scaling  technique  developed  by  C.E.  Bum  for  EM  lens  design.  The  basic 
idea  in  this  approach  is  the  creation  of  a  class  of  electromagnetic  problems,  each  having  a  com* 
plicated  geometry  and  medium,  which  are  equivalent  to  an  electromagnetic  problem  having  a 
simple  geometry  and  medium.  Solutions  to  Maxwell’s  equations  can  then  be  used  in  specifying 
certain  types  of  EM  lenses  for  transitioning  TEM  waves,  without  distortion  or  reflection, 
between  certain  types  of  transmission  lines. 

An  important  alternative  to  this  differential  geometric  method  in  lens  design  is  an  impedance 
matching  approach.  If  a  lens  is  to  be  inserted  between  two  transmission  lines  it  is  clear  that  not 
only  do  impedances  have  to  be  matched  but  that  the  travel  time  for  waves  following  different 
paths  have  to  be  equal  if  we  want  no  reflection  and  no  distortion  of  the  propagated  wave  front. 
This  impedance  matching  approach  has  been  described  by  Baum  in  a  problem  in  which  a  lens  is 
to  be  inserted  between  two  cylindrical  coaxial  waveguides  of  different  size.  In  this  problem  only 
the  geometry  and  medium  were  considered,  and  the  matchicg  obtained  by  Baum  matched  a 
reflectionless  and  distortionless  TEM  wave  between  certain  transmission  lines  as  verified  by  an 
analysis  using  a  fields  approach.  This  approach  is  reviewed  in  section  3.  The  method  was  also 
utilized  by  Baum  and  Stone  in  a  design  problem  involving  an  anisotropic  lens  for  launching 
TEM  waves  on  a  conducting  circular  conical  system. 

Thus  in  considering  these  two  approaches  to  EM  lens  design  it  is  natural  to  ask  such  ques¬ 
tions  as  (a)  will  similar  results  be  obtained  in  a  particular  design  application  by  each  method, 
(b)  are  the  two  methods  equivalent  in  any  sense,  and  (c)  is  it  possible  to  develop  a  set  of  axioms 
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which  will  unify  these  two  approaches.  In  the  summer  research  an  effort  was  made  to  address 
some  of  these  issues.  In  this  report  the  two  approaches  to  EM  lens  design  are  reriewed  in  sec¬ 
tions  3  and  4,  and  results  obtained  and  recommendations  for  follow  up  research  appear  in  sec¬ 
tions  5  and  6. 

II.  OBJECTIVES 

The  main  objective  in  this  report  is  to  show  that  the  differential  geometric  scaling  and 
impedance  matching  approaches  in  EM  lens  design  are  essentially  equivalent  under  certain 
geometrical  and  physical  assumptions.  Each  of  these  approaches  has  been  used  successfully  in 
certain  applications  by  Baum  (in  [1  j),  and  Stone  in  ([2]),  and  finally  by  Baum  and  Stone  (in  [5]). 
The  more  general  issue  of  obtaining  a  set  of  axioms  to  unify  these  approaches  is  left  for  future 
research.  This  main  objective  was  carried  out  by  studying  the  special  cases  where  each  of  the 
two  methods  was  used,  and  investigating  the  underlying  assumptions  in  each  application. 


III.  IMPEDANCE  MATCHING  APPROACH 

An  excellent  illustration  of  the  use  of  the  impedance  matching  approach  to  a  lens  design 
problem  appears  in  [4].  In  this  reference  the  authors  consider  two  cylindrical  coaxial  waveguides 
of  different  site  as  illustrated  in  figure  3.1.  The  waveguide  section  of  the  left,  which  is  region  I, 
has  inner  and  outer  cylindrical  radii  denoted  by  p  =  A  and  p  —  B  =  Xt.A  respectively, 
while  the  waveguide  section  on  the  right,  which  is  region  III  has  its  respective  inner  and  outer 
radii  given  by  p  —  A'  and  p  =  B'  \t'  B'  with  A '  >.4  .  Both  waveguides  are 
filled  with  the  same  simple  uniform  medium  of  constant  (  and  fi  ,  and  <7  =  0.  Physical 
considerations  will  require  that  the  transverse  ratios  X,  ,  X'  t  be  equal.  The  problem  con¬ 
sidered  in  [4]  was  that  of  finding  a  perfect  matching  section  II  between  regions  I  and  III  such 
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that  a  TEM  wave  incident  from  the  left  side  could  propagate  into  a  TEM  wave  in  region  til 
without  reflection  and  without  distortion.  In  the  lens  regioo  II  a  variable  <(d)  and  anisotropic 
conductivity  a  was  permitted,  but  the  lens  was  to  have  the  same  fixed  (t  as  in  the  cylindrical 
regions.  One  way  of  obtaining  a  perfect  matching  for  regions  I,  II,  and  III  is  to  insert  coaxial 
conducting  layers  in  all  the  regions  with  spacing  4  and  thickness  A  of  each  sheath  satisfying 
A  <<  4  (for  negligible  reduction  of  impedance  by  conductor  thickness)  and  also  satisfying 
d  <<  X  (for  propagation  of  only  TEM  mode),  where  X  is  the  wavelength  of  the  TEM  wave. 
This  condition  is  needed  if  there  is  to  be  no  distortion.  Moreover,  for  negligible  loss  to  be  intro¬ 
duced  by  the  conductors  one  would  also  need 

\f^-L  «  d  if  -1-,  <<  A  (3.1) 

V  o  VUfitT 


and 


<<  4 


if  A  << 


(3.2) 


where  L  is  the  longitudinal  dimension  in  region  II.  Finally,  for  a  TEM  wave  to  propagate 
from  I,  through  II,  and  into  III  without  distortion  a  plane  wave  front  in  I  should  appear  as  a 
plane  wave  front  in  III:  that  is,  the  traveling  time  of  waves  along  paths  of  different  radii  should 
be  equal.  Thus,  (see  figure  3.2)  we  require  the  travel  times  along  MM'  M"  and  its 
infinitesimally  changed  version  00'  0"  to  be  equal,  and  so  we  obtain 

VJu(0)  [r2(0)-r,(0)]  +  y/JIi  A,  (3.3) 

=  [r2(0+d0)  -  rl(9+d9)\y/itt(0+d0)  '/Jit  A2 


where 
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A,  =  rj(0)cos(0)  -  rl{8+d8)co»(9+d9) 


A2  =  r2(0)cos(0)  -  rj[9+d9)coa(9+d9 )  . 


Some  elementary  calculus  coupled  with  the  fact  that  the  fj(0)  which  describes  the  boundary 
between  region  I  and  II,  and  the  r^9)  which  describes  the  boundary  between  regions  II  and  III, 
are  related  by  a  constant  factor,  leads  to  a  differential  equation  given  by 


‘MM.  ,  __ 


r'  (0)[eo«(0)  -  ~ 


]=0. 


Similarly  if  we  require  impedances  to  be  matched  on  the  appropriate  boundaries,  then  we  are 
led  to  another  differential  equation  through  the  infinitesimal  matching  on  the  boundaries 
between  regions  1  and  II  and  between  regions  II  and  III.  Thus  since  the  impedance  for  the  TEM 
wave  of  a  cylindrical  coaxial  waveguide  is 


t-y/i 


ln{p„t'r/pi,  ner  ) 


and  that  for  a  conical  coaxial  waveguide  is 


7 - —  = 

t'eon.  —  j  — 


N/f 


V  (  .  tan(tftrtrr/2) 

2t  "  tan(^,„„/2) 


one  obtains  for  the  infinitesimal  matching  on  the  boundary  between  regions  I  and  II 


£*■ 


,  ,0+d9. 

t*n(— — ) 

tan({) 


v-.V.Vw"- 
, v. V- 
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Thus  equation  (3.8)  leads  to  a  differential  equation 


Ilifi 

r(9) 


+ 


1 

sin  (9) 


(eos(tf) 


=  0 


(3.9) 


which  is  obtained  by  expanding  the  preceding  equation  and  using  p  —  r  iin(9)  .  Both  r,(0) 
which  describes  the  boundary  between  regions  1  and  II  and  r<^9)  which  describes  the  boundary 
between  regions  11  and  111  will  satisfy  (3.9)  since  the  ratio  rj(5)/f|(fl)  is  a  positive  constant 
greater  than  1  .  We  thus  have  a  system  of  first  order  ordinary  differential  equations  given  by 
(3.5)  and  (3.9).  We  note  that  the  choice  in  region  II  of  ((9)  as  a  function  of  9  only  is  made 
because  the  TEM  propagation  is  independent  of  and  any  dependence  on  r  would  give  rise 
to  a  reflection.  Solutions  to  the  preceding  system  are  obtained  in  [4]  and  have  the  form 


and 


r(0)*in(0)  =  c2exp 


-r(fl)cos(g) 

Cl 


<(*) 


Cj+r(0)cos(0)  2 


(3.10) 


(3.11) 


where  C(  and  Cj  are  determined  by  the  geometry.  Detailed  plots  of  the  boundary  surfaces 
and  ((#)  are  included  in  [4].  Iu  all  of  the  above  analysis  only  the  geometry  and  medium  were 
considered  in  the  impedance  matching  approach.  That  ’his  matching  obtained  indeed  matches 
a  reflectionless  and  distortionless  TEM  wave  from  region  I  to  III  can  be  verified  by  a  fields 
approach.  One  may  consider,  for  example,  TEM  solutions  to  Maxwell's  equations  in  regions  I 
and  II  with  appropriate  boundary  conditions  and  find  an  t(0)  which  is  consistent  with  that 
given  by  (3.11).  A  similar  result  is  obtained  by  cousidering  regions  II  and  III,  and  hence  the 
solutions  to  the  system  (3.5)  and  (3.9)  do  indeed  give  yield  to  perfect  matchings.  We  note  that 


this  particular  matching  problem  was  also  solved  in  [4]  by  the  more  general  procedure  of 
differential  geometric  scaling. 


Another  application  of  this  approach  appears  in  {5|,  where  an  exact  solution  to  an  anisotro¬ 
pic  lens  design  problem  is  given.  Just  as  in  the  application  previously  described,  impedance 
matching  and  transit  time  conservation  give  rise  to  a  system  of  ordinary  differential  equations 
describing  the  lens  geometry  and  medium. 

IV.  DIFFERENTIAL  GEOMETRIC  SCALING  APPROACH 

We  first  consider  a  Cartesian  coordinate  system  (x,y,x)  and  an  orthogonal  curvilinear 
coordinate  system  (n,,U2,u3)  with  line  element 

(da)2  =  A?(rf«,)2  +  A2(d«r2)2  +  Aj(d*j)1  (4.1) 

with  the  scale  factors  A,  ,  I  —  1,2,3  ,  given  by 

*  -  <£>’ +  <&>*  +  <£>’  <«> 
If  certain  combinations  of  the  A,*  ,  assumed  positive,  are  defined  as 

Aj  0  0  0  0 

M  =  o  A2  0  (Jffgy)  =  0  A,Aj  0 

0  0  A,  0  0  A, A; 


AjAj/A,  0  0 

(7l;)  =  0  AjAj/A2  0 

0  0  A,A2/Aj 
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then  one  can  write  oat  the  usual  expressions  for  .  7XS,  and  in  the  «,•  coordi¬ 

nate  system  in  terms  of  physical  components  of  the  rector  E .  Another  set  of  rectors  and 
operators  (formal  vectors  and  formal  operators)  may  be  written  out  in  terms  of  tensor  com¬ 
ponents.  For  example,  if  E  has  components  Ex  ,  E:  ,  E 5  referred  to  the  «,  coordinates, 
then  E'  ,  the  formal  vector,  has  components  EJ  ,  EJ  ,  E*  and  we  write 

E>  =»  («,y)  ■  E  (4.4) 


while 


=  (ot;)-‘  •  7$'  ,  where  <fr  =  V  , 


VX£  =  (/?.,)-*  •  V'  XE'  . 

The  result  one  obtains  is  that  Maxwell’s  equations 

vxS  =  7  +  ^  v-B-  o 

together  with  the  constitutive  relations 

5  -  (<.,)  ■  S 
S  =>  (/!,, )  •  # 

and  the  equation  of  continuity 


(4.5) 


(<•«) 


(4.7) 


(4-8) 
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can  be  rewritten  in  the  form 


v'  xE'  =  - 


v*  xff'  =  ?  +  ^- 


v’  D‘  =  ✓ 


7'  -5'  =  o 


&  =  (<,/  )  ■  & 


S'  =  (*/  )  • 


v'  7'  =  - 


(<,•/  )  =  hi/)  ■  («,;) .  (/*./' )  =  H.y)  •  to/)  ’  to/  )  =  Hi/)  '  <41°) 

and  where  it  is  assumed  that  («,-•)  ,  (/l,y)  ,  (a,y)  are  real  constant  diagonal  matrices  which 
are  independent  of  frequency,  though  possibly  functions  of  position.  Note  that  the  primed  equa¬ 
tions  (4.9)  are  of  the  same  form  as  equations  (4.7)  and  (4.8),  and  so  if  we  think  '  the  «,•  as  a 
Cartesian  coordinate  system,  a  known  solution  of  Maxwell’s  equations  referred  to  Cartesian 
coordinates  can  be  taken  and  if  primed  quantities  are  substituted  for  unprimed  quan*’  ies,  solu¬ 
tions  to  (4.9)  can  be  found.  The  result  turns  out  to  be  that  we  hare  a  solution  to  Maxwell’s 
equations  for  which  (fl;)  ,  (/i,-y )  and  (a1;)  may  be  anisotropic  and/or  inhomogeneous.  The 
basic  idea  is  then  to  pick  («l;'  )  ,  (#i,y'  )  ,  and  (or,-,-*  )  and  boundary  surfaces  of  convenient 
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form*  in  the  «,•  coordinate  system  so  that  a  solution  can  be  obtained  in  terms  of  the  formal 
quantities.  If  some  particular  relationship  between  the  coordinates  and  the  coordi¬ 

nates  is  chosen,  then  the  parameters  (f,y)  ,  (/iy)  rnd  the  geometry  of  the  boundary  surfaces 
are  determined  and  the  solution  can  be  applied  to  the  ease  under  study. 

In  problems  related  to  inhomogeneous  isotropic  media,  the  constitutive  parameter  matrices 
are  diagonal  matrices  of  the  form 


(«.,)  =  <(%) .  (/».,)  ==■ 


where  £  and  /i  are  scalar  functions  of  position.  The  formal  quantities  then  look  like 


(«</  )  —  4%)  .  (/»,/'  )  =  ftilij)  ■ 


If  we  impose  the  restriction  that  (T  —  0  ,  then  the  conductivity  matrix  is  the  zero  matrix. 
Note  that  an  inhomogeneous  TGM  wave  with  subscripts  1  and  2  only  has  no  interaction  with 
£33*  or  ft 33'  in  which  case  each  of  the  matrices  (c,y'  )  and  (ft,/  )  has  constant  and 
equal  diagonal  entries  in  the  first  two  diagonal  positions.  Hence  such  TEM  solutions  may  be 
used  to  define  lenses  to  match  waves  onto  cylindrical  and/or  conical  transmission  lines. 

We  now  consider  inhomogeneous  TEM  plane  waves  which  propagate  on  ideal  cylindrical 
transmission  linos  and  assume  the  wave  to  be  propagating  in  the  positive  us  direction  with  for¬ 


mal  constitutive  parameters  given  as 


ft'  0  0  ft’  0  0  » 

(<„•'  )  =  1  0  £*  0  (/»*'  )  =  0  y!  0  (4.131 

0  0  0  0  ft/  I 

where  i'  and  ft1  are  positive  constants,  and  £3'  and  ftj  are  not  specified.  Since  only 
waves  with  no  field  components  parallel  to  the  direction  will  be  considered,  then  £3'  and 


ift1  0  0 


3  and 


136-14 


ft3'  do  not  enter  into  the  formal  constitutive  relations  fire*  in  equations  (4.9).  Hence,  since 
only  f*  and  ff  are  significant,  we  may  aatnme  the  medium  to  be  formally  isotropic  and 
homogeneous.  We  also  note  that  by  a  direct  application  of  known  results  for  cylindrical 
transmission  lines  to  the  forma!  setting  we  bare,  foe  »  *  l,i 

=  e{;  («„«2)/(W£'  ) 

iv  =  //.:  {«„«,)/(<-•  jc )  (4.i4) 

and 

£,'  =»0,  //,'  =  0 

where  c'  =  (/I*  t'  )*'/*  atd  (5  )  can  **  «bosen  to  specify 

the  waveform.  These  formal  fields  are  related  by 

=  Z8'  //,'  and  £,'  =  -Z0'  //,'  (4.15) 

where  Z0*  =  (/i*  /«'  )*/*  is  the  formal  ware  impedance.  These  results  all  require  that  the 

conducting  boundaries  be  represented  in  terms  of  only  their  «j  and  u8  coordinates  and  lead 
us  to  the  conclusion  that  it  is  only  necessary  to  restrict  the  first  two  diagonal  components  of  the 
formal  matrices  green  in  equations  (4.13).  The  constitutive  parameter  matrices  given  in  equa¬ 
tions  (4.11)  still  correspond  to  isotropic  inhomogeneous  media  and  so  the  formal  constitutive 
parameter  matrices  have  the  form  (4.12).  If  equations  (4.11)  and  (4.13)  are  combined,  we  obtain 

A,*,/*,  0  0 

h.  )  =  0  Ml/**  0  =  jta/  )  =  fa*  )  .  (4.18) 

0  0 


Sirce  equations  (4.18)  imply 


e_ 

t 


(417) 


A,  A, 


A,  “  <  "  ft 


we  obtain  the  mult  that 

A|  =*  Aj  (4. IP; 

and  also  that  t  and  /i  are  given  by 

t  =b  t*  /As  and  p  sm  pf  /As .  (4.19) 

Clearly  eA j  and  /iAj  are  constant*  and  the  formal  wave  impedance  is  equal  to  the  physical 
wave  impedance  since 

Z0>  =  =  (£.)»/*  (4.20) 

Finally,  since  f  j'  and  /ij'  are  arbitrary,  wc  look  for  orthogonal  curvilinear  coordinate  sys¬ 
tems  for  which  the  scale  factors  n(  and  Aj  are  equal.  For  these  systems  the  scale  factor  As 
determines  t  and  p  in  view  of  equation*  (4. 1C).  Example*  of  thi*  technique  appear  in  refer¬ 
ences  (1)  and  [4].  We  also  note  that  it  is  possible,  a*  noted  in  the  next  section,  to  replace  the 
delay  term  in  (4.14)  by  an  expression  of  the  form  f(t-g(* j))  . 


V.  EQUIVALENCE  OF  APPROACHES  TO  EM  LENS  DESIGN 

We  assume  that  we  have  a  lens  geometry  with  orthogonal  coordinates  (e^Sj.Uj)  and  that 
a  TEM  wave  propagates  in  the  «j  direction.  Thus  «j  in  particular  applications  can 
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represent,  for  example,  the  z  ,  r  ,  ij  or  f  of  cylindrical,  spherical,  bispherical,  or  toroidal  coor¬ 
dinates.  Surfaces  of  constant  «3  are  spheres  or  planes  and  these  generalised  coordinates  are 
constructible  from  rotational  coordinates  (t»t,^,Cj)  as  in  [1]. 


In  the  differential  geometric  scaling  approach  we  have  a  line  element, 
{<*•)’  =  +  hl(iu  2)J  +  hj(du  ,)* 


where  the  «,•  coordinates  are  constructed  from  orthogonal  coordinates  (nI,^,t’j)  by  the  forma¬ 


nt  =  X(»,)cos(^) 


«i  =  X(V|)sin(^) 


«J  -  F (*,)  , 


which  result  in  an  orthogonal  system  (tt],«2,aj)  in  which  surfaces  of  constant  «s  (or  t>2  ) 
are  spheres  or  planes.  The  functional  form  F(vt)  gives  some  flexibility  in  choosing  Aj  which 
defines  the  properties  of  the  lens  medium  (i.e.,  the  t  and  ft  ).  The  assumption  that  our 
medium  is  formally  homogeneoia  and  isotropic,  and  that  (V|,^,Pj)  is  a  rotational  system  leads 

dvt 

to  the  result  that  At  =  A2  ,  and  As  =  AfJ  — — |  ,  and  bince  tr  ,  the  relative  permittivity, 
is  given  by  (r  =  1/AS  ,  we  have 


<r  =  /(» i.»j)  =  • 


In  the  differential  impedance  matching  and  local  transit  time  conservation  approach  the  fol¬ 
lowing  conditions  should  hold  for  the  («|,>2>*3)  coordinate  system  in  the  lens: 


is  not  a  function  of  «• 
f 
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v  v  r„*>  v  ■  j*  v  \\  ’. 


(b)  VJtt  is  not  a  function  of  nt  or  *j 


between  ending  boundaries  of  the  lens.  Condition  (s)  results  from  considering  an  impedance 


expression  of  the  form 


«j+A«2  /  «|+A«i 

L  e>“L  ">• 


on  surfaces  «j  =  constant,  and  is  evaluated  along  curves  with  «t  =  constant,  while 
H |  is  evaluated  along  curves  with  Uj  =  constant.  Condition  (a)  also  implies  impedances  are 
matched  at  lens  boundaries  which  are  given  by  equations  of  the  form  /(wit**)  SSB  0  i  sod  50 
the  quantities  V  and  /  are  conserved  (i.e.,  no  reflections).  Condition  (b)  says  that  differential 
transit  times  for  waves  following  different  paths  are  conserved. 

A  differential  geometric  scaling  given  by  equation  (5.1)  dearly  implies  condition  (a), 
(impedance  matching),  since  /i/<  is  a  constant  for  our  medium.  Condition  (b)  is  also  satisfied 
because  of  the  physical  assumptions  made.  Thus  differential  impedance  matching  and  transit 
time  is  implied  by  the  scaling  introduced. 

Conversely,  let  us  assume  <  and  /I  are  scalar  functions  of  position  and  that  we  have  E 
and  U  only  in  the  ut  and  directions.  Our  wave  propagates  in  the  «j  direction,  and 
we  assume  that  it  has  no  dependence  on  «3  except  for  a  delay.  Thus  Et  *  —  0  and  if 

the  quantities  £,A,  and  //,A,  ,  »  =  1,2  ,  with  A,-  the  change  in  arc  length  in  the 
direction,  are  all  of  the  form  /(f-g(iij))  ,  then  Ej/Ej  and  are  constants,  (i.e.,  con* 

at  ant  polarisation),  surfaces  of  constant  v3  are  constant  phase  surfaces,  and  voltage  and 
current  are  conserved  differentially.  We  will  also  have 


IHk)  =^r!£l = 
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and  if  the  constant  in  (5.4)  is  evaluated  by  solving  Marvell's  equations,  then  A,/A2  and  fi/t 
are  constants.  Thus  Conditions  (a)  and  (b)  vill  be  satisfied  differentially  and  we  will  have 
macroscopic  transit  time  matching  at  the  lens  boundaries.  We  are,  of  course,  in  this  analysis 
assuming  that  we  have  a  "differential  cube”  as  shown  below. 


VI.  RECOMMENDATIONS 

The  techniques  of  scaling  and  impedance  matching  as  applied  to  EM  lens  design  have  been 
described  and  shown  to  be  equivalent  under  certain  geometrical  and  physical  assumptions  in  the 
previous  section.  There  are,  however,  several  remaining  questions  which  need  to  be  answered, 
and  the  research  to  accomplish  this  will  be  proposed  in  my  application  for  a  Research  Initiation 
Grant  (RISE).  Among  these  questions  are: 

(a)  Which  physical  and  geometrical  conditions  can  be  eliminated  or  amended  so  that  the 
approaches  remain  equivalent  in  some  sense?  In  particular,  can  the  conditions  on  the 
E{ A,-  and  imposed  in  section  5  be  relaxed?  For  example,  suppose  we  assume 

that  these  quantities  have  a  Kj  dependence  in  addition  to  a  time  delay.  Then  the  quan¬ 
tities  which  appear  in  (5.4)  will  still  be  constants  on  surfaces  of  constant  «]  and  this 
should  imply  electric  boundaries  on  «|  surfaces  iff  E\  =  0  and  magnetic  boundaries 
iff  Hi  =  0  .  Thus  conditions  on  the  scale  factors  A,-  and  €  and  ft  should  then 
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(b)  Are  the  two  approaches  discussed  in  this  report  ameatbW  to  me  axiomatic  treatment? 

Answer*  to  these  qoeation*  would  be  helpful  La  unifying  procedorea  for  EM  leea  design. 

A  separate  tssee,  related  to  tbe  impedance  matching  approach,  it  the  study  of  a  certain  non* 
linear,  Irst  order,  ordinary  differential  equation  which  seems  to  be  typical  of  conical  systems, 
snch  as  that  described  in  section  4.  One  may  obtain  inch  an  ordinary  differential  equation 
(ODE)  in  the  form 

~d8  “  sin(f)^I+<f^C°8^  ~ 

where  £r  nnd  9  are  the  relative  permittivity  and  conical  angle.  It  it  posaible  to  obtain  an 
explicit  solution  in  the  form 


where  w  satisfies  an  Abel  ODE  (see  [0]).  With  appropriate  initial  conditions  the  er  obtained 
agrees  precisely  with  the  result  obtained  in  (4).  It  would  be  interesting  to  study  such  equations 
in  general  and  investigate  their  symmetry  groups.  Moreover  one  might  also  wish  to  investigate 
ODES  which  describe  the  media  for  other  leu  geometries. 

It  is  the  author's  view  that  a  unification  of  the  various  approaches  to  EM  leu  design  would 
prove  to  be  quite  useful  in  studying  EM  phenomena.  The  resalta  of  the  earlier  investigation 
have  found  application  in  EMP  theory,  which  is  an  area  of  interest  to  both  the  Air  Force  and 
the  EM  community. 
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THE  ROLE  OF  ANTIOXIDANT  NUTRIENTS  IN 
PREVENTING  HYPERBARIC 
OXYGEN  DAMAGE  TO  THE  RETINA 

by 

William  L.  Stont 


ABSTRACT 

Hyperbaric  oxygen  was  found  to  affect  adversely  the 
electrophyslologlcal  response  of  the  retina  to  light  In  rats  fed 
a  diet  de fid  net  In  both  vitamin  E  and  selenium.  Both  vitamin  E 
and  selenium  are  micronutrients  thought  to  play  essential  roles 
In  preventing  In  vivo  ltpld  peroxidation.  Rats  fed  diets  supple¬ 
mented  with  vitamin  E  and/or  selenium  and  treated  with  r.O  ATA 
(atmospheres  absolute)  of  100  percent  oxygen  for  1.5  hours  per 
day  for  4  weeks  did  not  show  any  decrease  In  el ectroretl nogram 
response.  The  retina  Is  known  to  be  particularly  susceptible  to 
oxidative  damage  caused  by  In  vivo  lipid  peroxidation.  Dietary 
antioxidants  appear  to  provide  protection  from  hyperbaric  oxygen 
damage  to  the  rat  retina. 
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I-  IMISQOUCIimr 

Hyparbaric  axygtn  trHtxnt  i a  currently  being  used  by  tlw  School 
of  Aerospace  Medicine  to  traat  a  vartaty  of  clinical  disorder*.  That* 
clinical  disorder*  includa  qaa  gangrene,  qaa  aabotlaa,  dacoapraaaion 
aicknoaa,  carbon  aonoxid*  poiaoning  and  wound  haallnq  anhancaaant. 

Tha  tharapautic  banal i ta  of  long  tarn  hyparbaric  oxygon  traataant  ara 
potantially  liaitad  by  th*  ad  vara*  clinical  and  pathological  effect* 
of  high  oxygen  concentration  upon  th*  ratina  and  lung.  In  addition! 
•any  drugs  and  tax i na  ara  known  to  diractly  proaota  oaidativ*  daaaga 
or  to  interfere  with  anzyaatic  antioxidant  aachaniaaa.  Thia  raiaaa 
tha  poaaibility  of  advaraa  druq-hvT.arbaric  oxyqan  intaractiana  in 
pat i an t a  undergoing  long-tara  hyparbaric  oxygen  therapy. 

Gable  and  Townaend  < 1 )  have  obaarvad  pulaonary  leal  ana  in  victlaa 
of  fatal  ailitary  aircraft  accidanta  "possibly  attributable  to 
prolonged  intaraittant  auppl aaantal  oxyqan.  atraaainq  tha  potential 
hazard  of  oxygon  toxicity  far  aviator*"  (2).  Oxygon  toxicity  to 
retinal  and  pulaonary  tiaouaa  aoat  likely  involve*  free  radical  daaaga 
to  biological  aeabrana*.  Vitaain  E  and  malaniua  ara  nutrient*  that 
play  a  central  role  in  physiological  antioxidant  aachaniaa*.  Vitaain 
E  affectively  quancha*  fro*  radical*  generated  by  lipid  paroxidatlon. 
Salaniua  1*  a  cofactor  for  glutathione  paroxidaa*  which  detoxifies 
lipid  hydroperoxide*.  HUSSQt  S*£tCi*nt  tQ  sUMiQ  E  Kl&lBC  **lWLU<S 

**x  fe*  cfciiculfcly  tuKtstiblg  la  tbt  Bstbssbxsl.alsgl.csl  Efiountaui 

gi  bmiCtlUE  9111(0.  Conversely,  dietary  supplaaant*  of  the** 
aicronutriants  way  offer  considerable  protection  against  oxyqan 
toxicity. 

The  retina  is  aora  sensitive  to  toxic  and  environ aantal  disorder* 
than  aost  tissues.  The  retina  is  particularly  predisposed  to  th* 
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toxic  af f vet a  of  lipid  peroxidation  initiated  by  oxy-radicala.  This 
is  because  the  retina  has:  a>  a  very  high  content  of  pol yunsatur ateo 
fatty  acids  (about  ZCX  22:6n3)  which  are  very  susceptible  to  lipid 
peroxidation  <&>|  b>  a  very  high  consumption  of  oxygen,  about  seven 
tines  sore  per  g  of  tissue  than  the  brain  and  I  c)  the  presence  of 
pigeents  (e.g.  retinal)  capable  of  inducing  photosensitized  oxidation 
reactions  (7).  Retinal  lipid  perox idation . i a  likely  to  be  accelerated 
under  conditions  of  hyperbaric  oxygen  stress. 

In  animal  models  hyperbaric  oxygen  causes  severe  retinal  pathology 
and,  in  humans,  causes  lass  of  visual  fields  and  visual  definition 
(8).  The  ability  of  the  retina  to  resist  oxidative  damage  is  very 
dependent  upon  the  functioning  of  both  enzymatic  and  chemical 
antioxidant  mechanisms  (3).  A  number  of  important  antioxidant 
mechanisms  are  very  dependent  upon  micronutrient  intake.  We  have 
previously  shown  that  rat  retinas  have  significant  levels  of  vitamin 
E,  glutathione-S-transf erase,  and  the  selenoenzyme  glutathione 
peroxidase  (3,4).  Retinal  vitamin  E  and  glutathione  peroxidase  at  e 
decreased  to  very  low  levels  by  nutritional  deficiency  of  vitamin  E 
and  selenium,  respectively  ( 7,9 ).  Retinal  glutathione-S-transf erase 
activity  is  induced  in  the  absence  of  dietary  vitamin  E  and  selanium 
(4). 

Rats  deficient  in  vitamin  E  and  selenium  (the  8  dietary  group)  show 
a  decreased  a-  and  b-wave  el ectroreti nogram  (ER6)  amplitude  (9) . 

Recent  in  vitro  studies  of  Armstrong,  et  al.  (10),  have  shown  that 
intravitrael  injections  of  synthetic  lipid  hydroperoxides  into  rabbit 
eyes  causes  a  marked  decrease  in  the  amplitude  of  the  a-,  b-,  and 
c-waves  of  the  ERG.  The  retinal  pigment  epithelium  of  rats  fed  the 
diet  deficient  in  both  vitamin  E  and  selenium  also  show  a  largo 
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accumulation  of  "l  ipofuacin  pigment  <9>  aa  nail  as  eejar 
ul trastructural  altsratlons  (lit.  Lipofuacin  pigment  is  thought  to  bo 
a  by-product  of  In  vivo  lipid  peroxidation  and  can  be  aoaaurad  by 
fluaraacont  microscopy. 

Tha  Information  presented  abova  suggasta  that  hyparbaric  oxygen 
damaga  to  tha  ratina  Mould  ba  graatly  accalaratad  In  caaaa  of 
antioxidant  nutriant  daf 1 cl areas  and  inhibited  by  dietary 
supp lament at ion  Mith  antioxidant  nutrianta. 

12  '^iives  qe  me  esseeeca  seeqri: 

Tha  pr..iary  goal  of  thia  project  Maa  to  determine  if  hyparbaric 
oxygan  daaiaga  to  tha  ratina  and  lung  ia  accalaratad  in  organisms 
deficient  in  dietary  antioxidant  nutrianta  and  inhibited  in  organlaas 
sup  pi raentad  with  antioxidant  nutrianta.  Rata  Mill  ba  uaad  aa  an 
experimental  modal  in  thia  Mark.  Damage  to  tha  ratina  Mill  ba 
determined  naninvaaively  by  maaaursmant  of  alactroratinograaa  (ERGs). 
When  ERGs  shox  evidence  of  retinal  damage  the  rata  Mill  ba  aacrificed 
and  tha  retinae  and  pulmonary  tleauea  examined  by  fluorescent 
microscopy,  aa  Mall  aa  light  and  electron  microscopy.  Lung  tissue 
samples  Mill  also  ba  collected  and  biochemically  characterized  aa 
described  beloM. 

HI.  experimental  resist*: 

Rata  Mere  fad  diets  deficient  in  antioxidant  nutrients.  The 
antioxidant  nutrients  tested  in  thia  initial  study  Mare  vitamin  E  and 
selenium.  A  factorial  design  Mas  utilized  in  Mhich  the  dietary  groups 
Mere: 
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1)  a  baaal  diat  daficlant  in  both  vitaain  C  and  aalanlua  but 
adaquata  in  all  othar  nutrtanta  <tha  baaal  or  B  dtat) 

2)  a  basal  diat  plus  vitaain  E  (tha  B+£  diat) 

3)  a  basal  plus  salania  diat  (tha  B+Sa  diet) 

4)  a  baaal  plus  vitaain  E  plus  salcniua  diat  (tha  B+€+fla  diat) 


Tha  datailad  coaposition  trf  tha  basal  diat  is  qi van  in  Tabla  IV. 
Enough  ftad  has  baan  aixad  to  continua  tha  nutritional  axparlaants  to 
tha  and  of  Octobar,  1784  I  i.a.  for  a  total  of  16  Mask*  or  8  Masks 
bsyond  tha  and  of  tha  SFRP  tanura. 

Tala,  30  g,  inbrad  Fischar-344  (CDF)  rata  Mara  obtainad  from 
Char  las  Rlvar  Branding  Laboratory.  Tha  P.  I.  has  utilizad  this  rat 
strain  in  nutritional  axparlaants  analogous  to  thosa  proposad  hara. 

Tha  ti as  coursa  for  davalopaant  of  nutritional  daficianciaa  in  vitaain 
E  and  salaniua  is  Mall  charactarixad  in  this  strain.  Wa  hava  also 
parfaraad  axtansiva  hi atopathology  studios  on  Flschar-344  rats  fad 
diats  idontlcal  to  thosa  usad  in  this  study.  It  takas  about  5  Masks 
for  SO  g  rats  to  loss  half  of  thair  blood  salaniua  and  half  of  thair 
plasaa  vitaain  E  contant  Hhen  fad  tha  basal  diat.  Aftar  10  Masks,  tha 
rats  hava  only  about  101  of  thair  initial  blood  vitaain  E  and 
salaniua.  Aftar  20  Maks,  rats  ara  alaost  totally  daplatad  of  both 
aicronutriants  and  suffar  ratinal  daaaga  undsr  nonstrass  conditions. 

Tha  aniaals  Mara  housad  in  auspondad  stainloss  stsal ,  Mira — bottoaad 
cagas  and  oalntainad  at  23+2  C  and  SOX  ralativa  huaidlty.  Lighting 
mss  on  a  6:00  AM  to  6:00  PM  light  pariod  and  a  6:00  PM  to  6:00  AM  dark 
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period.  Upon  arrival  at  Brooks  AFB,  the  rata  mot#  fed  a  normal  Purina 
laboratory  chow  (Rodent  Laboratory  Chow  5001 ,  Ralaton  Purina  Co. ,  St. 
Louie.  1101  and  water  ad  libitua  for  I  weak.  The  rata  were  randomly 
divided  into  the  four  dietary  groups  deaignated  above.  Eight  animate 
ware  ueed  per  dietary  group  <32  rate  in  total).  The  basal  group  was 
fed  a  Torula  yeast-baaed  diet  having  very  low  levels  of  vitamin  E  and 
Se  but  adequate  levels  of  all  other  nutrients  as  proposer  by  the 
National  Research  Council  for  the  Laboratory  Rat.  The  basal  +vi t  £+Se 
group  was  fed  an  indantical  diet  but  supplemented  with  90  mg  vitamin  E 
per  kg  of  diet  <1.1  IU  per  mg  of  DL-alpha-tocopherol )  and  0.4  ppm  Se 
(added  as  sodium  selenite).  All  dietary  supplies  were  purchased  from 
U.S.  Biochemical  Co,  Cleveland,  OH.  The  Tor ul a -baaed  diets  were 
prepared  in  small  batches  by  slowly  mixing  the  constituents  to  avoid 
heating,  and  stored  at  4  C.  The  glass  and  stainless  steel  feeders, 
obtained  from  Hazelton  Systems,  Aberdeen,  HD,  were  filled  every  2  days 
and  any  uneat jn  food  discarded  to  minimize  rancidity.  The  glass  and 
stainless  steel  feeders  as  well  as  a  small  <2  kg  capacity)  Hobart  food 
mixer  were  shipped  to  Brooks  AFB  from  the  P.I.’s  laboratory  at  Heharry 
Medical  College.  Rats  in  all  the  dietary  groups  ware  provided  with 
deionized  water  to  which  3  ppm  chromium  (as  CrC13>  was  addad.  Bath 
diet  and  drinking  water  were  provided  ad  libitua.  Half  the  rats  from 
each  dietary  group  were  treated  with  2.0  ATA  of  pure  oxygen  for  1.9  hr 
per  day.  This  treatment  began  2  weeks  after  the  start  of  the  dietary 
reqlaans.  The  other  half  of  the  rats  provide  a  nonHBO  control  groups 
to  monitor  retinal  damage  that  might  be  due  to  antioxidant  deficiency 
alone. 

At  weeks  2,  4,  and  6  and  B,  electroretinograas  (ERGs)  of  rats  in 
each  dietary  group  were  recorded.  ERG  measurements  were  made  using  an 
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•  tuatnUtd  aylar  plastic  positive  electrode  pieced  on  tha  cornea  of 
Mch  rat.  This  electrode  effectively  eliainatas  tha  possibility  of 
cornval  daatage.  Tha  ground  electrode  ms  attached  to  the  rat  aar 
loba.  A  negative  pin  alactroda  mb  insartad  undar  tha  scalp.  Ma  usad 
a  genzfeld  (whole  fiald)  flash,  a  Brass  photostiaulator  and  a  Tektontx 
aodal  6312  racording  osctllascopa  with  a  3A22M  diffarantial  aaplifiar 
and  a  3B10H  tiaa  oasa  aaplifiar.  Tha  uiIhIs  Mra  placad  in  a  dark 
rooa  for  I  hr  bafora  aaasurirtg  ERGs.  About  10  ain  bafora  racording  an 
ERG,  aach  rat  ms  anasthatiaad  (Iff  injection)  with  0.1  al  of  kataalna 
<30  ag/al > ,  At  laast  six's  a-  and  b-Mva  aaplituda  aaasuraaants  war  a 
Mda  for  aach  aya  and  tha  rasults  (at  laast  12  aaasuraaants  par  rat) 
avaragad.  Tha  P. I.  and  hr.  Gaorga  Howard  wara  rasponsibla  for  thasa 
aaasuraaants. 

Rats  froa  aach  diatary  group  hava  baan  avaluatad  for  plasaa  vitaain 
E,  plasaa  glutathiona  paroxidasa  (GSHPX),  and  rad  blood  call 
glutathiona  paroxidasa  at  waak  3.  Plasaa  and  R8C  saaplas  wara 
collected  at  waak  7  and  will  ba  analyzad  on  tha  P.I.’s  raturn  to 
Haharry  Hadical  Collaga.  Glutathiona  paroxidasa  is  a  salanoanzyaa  and 
its  activity  in  plasM  and  rad  blood  calls  (RBCs)  is  a  good  msura  of 
salaniua  status.  Blood  is  obtainad  froa  aach  rat  aftar  cutting  (undar 
aathoxyf luorana  anasthat i zatlon)  off  a  saal 1  saction  froa  tha  and  of 
tha  tail.  This  procsss  is  ralativaly  untrauMtic  and  can  aasily  ba 
dona  on  tha  saaa  rat  on  a  blwaakly  basis.  Blood  is  saparatad  into 
plasaM  and  washed  RBCs.  Tha  glutathiona  paroxidasa  assays  on  plasaia, 
and  RBCs  as  wall  as  plasaa  vitaain  E  assays  will  ba  dona  at  Haharry 
Hadical  Collaga  by  tha  P.  I.  and  Hr.  Gaorga  Howard,  a  suaair  graduata 
student  SCEEE  fallow. 
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Whan  tha  rata  mpo«d  to  hypor  bar  1  c  oxygon  and  daficiant  In  vitaaln 
E  and/or  mal oni  ua  ahoi <ad  slqns  of  ratinal  daaaga  (ouch  as  diainiahad 
ERG  a-  and  bnava  aaplltudaa),  thay  Mara  sacriflcad  (by  ovardoaa  of 
aothouyf 1 uor  ana)  for  data! lad  blochaaical  and  cytopathol ogy  studios. 
Control  anlaala,  not  axposad  to  hyparbaric  oxygan  Mara  also 
aacriftcad.  Rata  fad  tha  dtat  daficiant  in  both  vltaain  E  and 
sal an t ua  and  traatad  Mith  HBO  (tha  B+HBO  group)  hava  alraady  ahuwn 
dacraasad  ERG  a-«av<  aaplltudaa  coaparad  Mith  tha  nonHBO  B  group. 

Rats  froa  tha  B  and  B+MBO  group  hava  tharafora  baan  sacriflcad  for 
futura  blochaaical  and  cytopathology  atudiaa. 


iv.  it*,  eeeecis  qe  aveEBeeaxc  qxissb  sw  ewecisoKiiNOOBOds: 

At  Masks  2  and  4,  hyparbaric  oxygan  traataant  had  no  apparant 
af  fact  an  ERGa  racordad  froa  rats  on  any  of  tha  di  at  ary  ragiaana.  As 
ahoan  in  Tabla  1,  rata  axposad  to  hyparbaric  oxygan  trsatsjnt  for  4 
Masks,  and  fad  a  basal  dlst  (B  diat)  daficia.it  in  vitaaln  E  and 
aalaniua  for  &  Masks,  hava  dacraasad  ERG  a-sava  aaplltudaa  (P<0.03) 
and  b-wavo  aaplltudaa  coaparad  to  aga-aatchad  rats  fad  an  ldantlcal 
diat  but  not  traatad  Mith  hyparbaric  oxygan.  Rata  fad  diats  daflclant 
in  vitaaln  E  <B+Sa  diat)  or  aalaniua  alona  (Bs€  diat)  did  not  ahon  any 
daclina  in  ERG  a-  or  b-nava  aaplltudaa  Mhan  axposad  to  hyparbaric 
oxygan  at  thus  tiaa  (aaa  Tabla  1).  Ha  anticipata,  howavar,  that  rats 
daficiant  in  vitaain  E  or  aalaniua  Mill  avantually  show  dacraasad 
rsttnal  function  as  thay  bocoaa  prog rasas  vat  y  aora  daficiant  in  thasa 
aicronutr ionta.  Acuta  doficlancy  of  vitaaln  E  and  aalaniua  takas  no 
l on gar  than  IS  xaaka  on  tha  diatary  ragiaana. 

V.  EEEECI  QE  HYPSBBeeiC  QIXSSU  OH  HEIGHT  &&  kiwi  ssim: 
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Rats  fed  tha*B  diet  deficient  in  both  vitaain  E  and  ultnlua  for  3 


Mtliii  and  treated  with  hyperbaric  oxygen  (HBQ>  for  3  weeks  show  a 
dacraasad  weight  and  we.ght  gain  compared  with  aga-aatchad  rats  fad  an 
identical  diat  but  not  receiving  KBO  traataant  ( saw  Table  ID. 
Similarly,  rata  fad  the  vitaain  E  deficient  diat  and  treated  with  HBO 
<B*Se»HBO>  are  also  beginning  to  dsaonstrata  a  reduced  weight  and 
weight  gain  ,.hich  aight  indicate  the  onset  of  chronic  HBO  toxicity  and 
retinal  daaaga.  HBO  traataant  does  not  appear  to  be  adversely 
affecting  the  weight  or  weight  gain  of  rats  fad  the  vitaain  E  and 
salaniua  supplemented  diet  ( the  B+€*Se  diet)  or  the  diet  supplemented 
with  vitaain  E  alone  (the  B+E  diet). 

vi.  Aniiqxiqant  siems  qf  Rflig: 

Plasaa  vitaain  E,  red  blood  cell  and  plasma  Se— glutathione 
peroxidase  activities  we.  »  measured  in  rats,  in  all  dietary  groups,  3 
weeks  after  the  start  of  the  nutritional  regimens.  As  expected,  rats 
fed  the  B  diet  have  significantly  loner  plasaa  vitaain  E  as  well  as 
plasma  and  RBC  Se-glutathione  peroxidase  activities  compared  to  rats 
fad  the  B*£«S«  diet  (see  Table  III).  Me  have  recently  obtained  plasaa 
and  RBC  samples  at  week  7  and  plan  to  aeasure  plasaa  vitamin  E,  plasaa 
and  RBC  glutathione  peroxidase  and  RBC  glutathione  levels  in  these 
samples.  This  work  will  be  done  at  Heharry  Medical  College  in  the 
P.  I.'s  laboratory. 

VII.  RSGQHHgNQAIlQHS: 

Dietary  deficiences  of  bglh  xi.£*aiQ  E  *04  MltOlUS  were  found  to 
adversely  effect  the  electrophysiological  response  of  the  retina  to 
light.  Rats  are  generally  considered  a  species  very  resistant  to 
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oxidative  duigt.  Our  preliminary  results  suggest  that  n«  tritional 
supplementation  of  patients  with  antioxidant  nutrients  could  diminish 
the  oxygen  toxicity  problems  associated  with  HBO  therapy.  He  do  not 
yet  know  It  deficiency  of  xitMlO  E  9C  aaLtQiU*  •lOQ*  «H1  be 
associated  with  hyper  (fbar  1  c  oxygen  damage  to  the  rat  retina.  He 
recommended  that  the  nutritional  experiments  be  continued  for  an 
additional  4  to  6  weeks  so  that  EHO  measurements  can  be  made  on  rata 
treated  with  hyperbaric  oxygen  and  acutely  deficient  In  vitamin  E 
(8«-Se  group )  or  selenium  (B+C  group). 

It  is  also  recommended  that  the  follow-on  biochemical  studies  of 
lung  tissue,  and  1  i  ght /electron  microscopy  studies  of  lung  and  retinal 
tissues,  be  pursued  as  detailed  in  the  RESEARCH  INITIATION  PROPOSAL. 

Animals  in  the  B  and  B+HBO  groups  were  euthanized  at  week  &  and 
samples  of  lung  tissue  stored  at  -70  C  far  biochemical  analyses  (see 
below).  The  rats  were  perfused  with  Karnofsky’s  fixative.  Retinal 
and  lung  tissues  were  embedded  in  Epon  for  future  analyses  by 
fluorescent  microscopy,  phase  contrast  microscopy,  and  electron 
microscopy. 

Rats  have  enzymatic  antioxidant  mechanisms  that  can  be  induced  in 
response  to  oxidative  stress  (3,4,3).  The  degree  to  which  a  organism 
can  induce  these  enzymatic  antioxidant  aechanisaie  nay  be  an  important 
parameter  in  determining  an  organism's  susceptibility  to  oxygen 
toxicity.  These  potential  physiological  responses  must  be 
characterized  before  the  relevancy  of  our  results  to  humans  can  be 
understood .  01 utathione-S- transferase  activity  in  the  rat  lung 

increases  in  response  to  hyper  ox  i  a  (3).  A  nuaber  of 
glutathione-S-transf erase  isozymes  have  a  "nanselenium  glutathione 
peroxidase*  activity  that  may  protect  against  damaging  in  vivo  lipid 
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porouldation  ru'ctloni.  La  thsrafora  fa co— and  ‘.hat  tha 
glutathiona-S-tranaf araaa  isoxyaa  prof  11  ax  in  tha  lungs  of  antioxidant 
daficiant  and  supplaaantad  rata  ba  aaaaurad  and  charactarisad.  IV. 
Gaorga  Howard,  Jr.  and  tha  P.  I.  hava  davalopad  high  prassura  liquid 
chroaatoqraphic  procaduras  i or  tha  rapid  asp ar at  1  on  and  purification 
of  glutathions-S-tranafarasa  isoxyaas.  Thasa  biochaaical 
datsrai nations  should  ba  dona  on  rats  traatad  with  hyparbaric  oaygan 
(HBO)  and  on  control  nonHSO  rats  raisad  undsr  noraal  conditions. 

Tha  rasults  of  tha  1 ight/alactran  aicroscopy  studias  of  lung  i  nd 
ratinal  tissuas  would  cartainly  banafit  by  quantitativa  coaputar-iaaga 
anal yai s. 
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T<6U  I.  Tha  aff act  o4  hyparbar  1  c  ouygtn  <HSQ>  on  a-  and  b -■  m v 
■iKtrorttlnograa  aaplitudaa  (aaan*SEH>  in  rata  fad  diata  daficiant 
or  aupplaaantad  with  vitaain  E  and/or  aalanlua. 


Oiatary  group  1 

b-Mvt 

aicrovol ta 

B*t480<3> 

88*94 

231*41 

•  <4> 

139*13 

331*37 

8*E*H80<4> 

133*8 

313*37 

M(4I 

144*7 

312*13 

B»8ailttK>(4) 

140*14 

304*34 

»*Sa<4> 

141*4 

244*14 

B*£*8a*W)0  <  4 ) 

143*18 

294*37 

B+C*Sa(4> 

147*11 

281*37 

1  Pura  OMygan  at  2.0  ATA  for  t.S  hr  par  day  aao  silvan  for  S  daya 
par  Maak  for  4  waaka  prior  to  aaaauraaant  of  ERSa.  Rato  war  a  fad 
tha  lndlcatad  diata  for  6  aaaka  prior  to  tho  aaaauraaant  of  ERGa. 
Sal  an  i  ua  and  vitaain  E  auppi  aaantatlon  aaa  0.4  ppa  and  SO  ag/kg 
flat,  raapactivaiy.  Tha  nuabar  of  rata  uaad  in  datarainlnq  a  data 
antry  ia  givon  in  paranthaaaa. 

•  PCO.OS 
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Tabla  XI.  Weights  and  waight  gains  (aaan+SEm  of  rats  fad  diats 
daficiant  or  suppl  — ntad  with  vitaain  C  and/or  salanlua  and  with 
or  without  hyparbaric  oxygao  traataant. 


Diatary  group  I  waight  gain  waight 


g/100  g/waak  g 


B+MSO 

7.2 

170*3 

B 

10.9 

180*2 

B+E+UBO 

12.3 

204*7 

B*£ 

12.3 

19014 

B+Sa+HBC 

9.3 

180+3 

B*Sa 

14.4 

199*3 

B*E+6a-*-HB0 

13.9 

190*4 

B+E+Sa 

11.1 

187*3 

LC 

9.7 

199*3 

1  Ky  par  bar l c  oxygan  was  providad  as  in  Tabla  I  but  for  3  waaks 
prior  to  waight  aaasuraaants.  Rats  wars  on  tha  indicatad  diats 
for  3  waaks  prior  to  waight  aaasuraaants.  Diatary  suppl aaantation 
was  as  dascribad  in  Tabla  1. 
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Tabic  III.  Ant i ox i dent  lavela  (Man* SOI)  in  rat*  Tad  diet* 
*upp>i— nted  c r  def  1  ci ant  in  vitamin  E  and/or  salantua  and  with  or 
without  hyparbaric  oxygen  (HBQ)  traataant. 


Dietary 

plasma  vitamin  E 

glutathione  peroxidase 

group  1 

ug/ml  of  plasma 

plasma 

RBC 

«illl  ••Urn  /ill 

mill!  e.u. /mg  Hb 

B+HBO 

1. 4+0.2 

0.5+0. 2 

219+53 

B 

l. 9+0.2 

0.5+0. 2 

244+42 

B+E+W80 

4. 9+0. 3 

NH 

Ml 

B+E 

3. 7+0. 3 

NH 

NH 

B+Se+HBO 

1.5+0. 3 

3. 4+0.4 

437+147 

B+Se 

1.5+0. 3 

2.  2+0. 2 

458+217 

B+E+Se+HBO 

5. 0+0. 8 

3. 0+0. 4 

984+180 

B+E+Se 

5.  4+0. 4 

2.  A±0.  3 

1417+110 

I  Hyperbaric  oxygen  was  provided  a*  in  Table  I  but  for  1  week 
prior  to  aaaauraaent  of  antioxidant  level*.  Rat*  ware  an  the 
indicated  diet*  far  3  week*  prior  to  aeaaurmnt  of  antioxidant 
level*.  Eight  rats  ware  in  each  dietary  group  and  half  ware 
treated  with  HBQ.  Milli  e.u.  for  glutathione  peroxidase  activity 
is  nanomole*  of  NADPH  oxidized  per  ain.  NH  indicate*  not  measured 
at  this  time  point. 
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Tab  la  IV.  Coapo4ition  of  basal  diat. 


Ingradiant 


g/lOOg 


Tour la  yaaat 


Corn  oil,  tocopharol  strippad 


Vitaain  aix  1 


Minaral  aix  Dr* par  2 


L-Mathioni  na 


1.  Tha  vitaain  aixtura  providad:  (in  ag/100  g  oT  diatl  ascorbic 

acid,  inositol,  lit  cholina  chi  or ids,  16.31  p-aainobanzoic 

acid,  ill  niacin,  9.9|  riboflavin,  2.2|  pyridoxina— MCI ,  2.21 
thiaain  HC1 ,  2.21  calciua  pantothanata,  6.6|  biotin,  0.031 

folic  acid,  0.21  vitaain  B-12,  0.003.  In  addition  tha  vitaain  aixtura 
contains:  (in  units  /100  g  of  diat)  vitaain  A  acatata,  1V80I 
calclfarol (D3I,  220. 

2.  Tha  salt  aix  providad  (in  ag/100  g  of  diat):  C*C03,  634 t 
CuS04.3H20,  0.721  Ca3(P04>2,  14221  Farrlc  cl trata. 3H20,  64 1 
HnS04.H20,  3.31  potasslua  citrata.H20,  9461  KI,  0. 161 
K2HPQ4,  309;  NaCl ,  4321  ZnC03,  1.91  and  MgCQ3,  164. 
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NAPHTHALENE  ADSORPTION  BY  FLORIDA  SOILS 


by 

Jimmy  J.  Street 
ABSTRACT 

•Fifteen  Florida  soils  and  a  svr.thetic  A1  and  Fe  hydroxide  and  a 
natural  humic  acid  were  evaluated  for  naphthalene  adsorption  via  e 
batch  equilibrium  experiment.  Use  of  the  Langmuir  and  Freundlich 
adsorption  equations  were  only  moderately  successful  in  describing 
the  adsorption  process.  Evaluation  of  several  soil  chemical  properties 
and  their  relationship  to  the  adsorption  of  naphthalene  indicated  that 
only  soil  organic  carbon  was  important,  while  pH,  mineralogy,  "active" 
A1  and  Fe  content  were  not  important. 

It  appears  from  this  study  that  adsorption  of  naphthalene,  a 
non-ionic,  non-polar  organic  constituent  of  Air  Force  jet  fuels,  can 
be  adsorbed  by  soils  and  thus  this  ptwcess  will  play  an  important  role 
in  the  environmental  fate  of  thie  compound  in  the  soil/water  system. 

The  nature  of  the  chemical  interaction  of  naphthalene  and  soil  organic 
matter  was  not  elucidated,  but  base  line  data  on  the  importance  of  soil 
organic  matter  was  accumulated. 
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I.  INTRODUCTION : 

The  release  of  aircraft  fuels  to  the  environeent  and  the  subsequent 
Impact  on  the  environment  is  of  great  concern  to  the  United  States  Air 
Force.  Distillate  fuels  are  complex  mixtures  of  aliphatic  and  aromatic 
hydrocarbons.  Several  of  these  organic  constituents  are  highly  toxic 
and  their  fate  in  the  environment  is  a  high  priority  research  for  the 
Air  Force. 

The  primary  pathways  for  dissipation  of  Jet  fuel  hydrocarbons  in 
the  environment  include  volatil iaat ion ,  abiotic  and  biotic  sorption, 
and  degradation.  The  primary  pathway  for  loss  of  a  particular  hydro* 
carbon  depends  on  its  solubility,  volatility,  molecular  size  and 
configuration,  polarity,  and  functional  group  chemistry.  In  conjunction 
with  the  chemistry  of  the  organic  compound,  the  physical  and  chemicai 
properties  of  soils,  sediments  and  waters  receiving  these  organic  com* 
pounds  must  also  be  considered.  The  soil  is  often  the  receiving  medium 
for  many  of  the  organic  compounds  dispersed  into  the  environment.  There 
is  potential  danger  that  some  toxic  organic  compounds  may  penetrate  the 
soil  and  contaminate  the  groundwater  and  thus  cause  a  monumental  health 
problem. 

The  migration  and/or  transformation  of  organic  compounds  in  soils 
is  influenced  by  a  myriad  of  factors  in  the  soil  environment.  However, 
the  most  Influential  of  these  factors  is  the  adsorption  of  the  compounds 
by  soil  constituents.  The  adsorption  of  organic  compounds  by  soils  has 
been  shewn  to  be  related  to  a  number  of  soil  properties  including  pH, 

CEC,  clay  content  and  type,  organic  matter  content  and  hydrous  metal 
oxide  content(Means  et  al.,  1979;  Osgerby,  1970;  Karickhoff  et  al., 

1979;  Means  et  al.,  1980). 
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The  majority  of  research  dealing  with  organic  compounds  and  ad¬ 
sorption  on  to  soli  and  soil  constituents  has  dealt  with  Ionic  or  polar 
organic  molecules  such  as  Insecticides,  herbicides,  and  toxic  contaminants. 
Two  classes  of  non-ionic  organic  pollutants  are  currently  being  investi¬ 
gated  by  the  Air  Force.  They  are  those  typically  found  In  cleaning 
solvents  and  degreasers  such  as  trichloroethylene(TCE)  and  those  found 
in  jet  fuels  such  as  toluene  and  naphthalene.  The  adsorption  of  non¬ 
ionic  organic  compounds  such  as  naphthalene  has  been  referred  to  as 
hydrophobic  adsorption.  Hydrophobic  adsorption  increases  as  compounds 
become  less  polar;  that  is,  as  molecular  weights,  molecular  volumes, 
or  carbon  numbers  increase  and  as  water  solubilities  decrease(Custafson 
et  al.,  1968;  Gustafson  and  Paleos,  1971). 

Hydrophobic  adsorption  of  certain  organic  compounds  has  been  highly 
correlated  with  the  organic  carbon  content  of  soils  and  sediments 
(Karickhoff  et  al.,  1979;  Khan  et  ai . ,  1979;  Hasaett  et  al.,  1980). 

II.  OBJECTIVES 

The  objectives  of  this  summer  research  period  were  to  determine 
the  amount  of  naphthalene  adsorbed  on  different  Florida  soils  and  the 
type  of  adsorption  isotherm  equation  that  best  describes  the  adsorption. 
Secondary  objectives  were  to  relate  certain  soil  chemical  properties  with 
the  intensity  and  magnitude  of  naphthalene  adsorption.  The  types  of 
adsorption  equations  investigated  were  the  Langmuir  and  Freundlich 
equations  and  the  soil  chemical  properties  including  mineralogy,  soil 
organic  carbon,  pH,  E^/Eg  ratio  of  the  humic  material,  and  "active"  Fe 
and  Al  content. 
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III.  MATERIALS  AND  METHODS 


Experimental  soils 

Fifteen  soils  were  collected  from  the  State  of  Florida  based  upon 
their  diversity  in  mineralogy,  clay  content,  and  organic  matter  content. 
Soils  were  classified  according  to  the  SCS  system  and  the  characterization 
data  obtained  from  the  Soil  Science  Department  at  the  University  of  Florida. 
Soils  were  air-dried  and  screened  to  pass  a  2  mm  stainless  steel  sieve 
and  stored  until  needed.  The  chemical  and  physical  characteristics  are 
shown  in  Table  1 . 

Total  soil  carbon  (i.e.,  organic  matter  content)  was  determined  at 
Tyndall  Air  Force  Environics  Laboratory  using  the  wet  combustion  technique 
described  by  Nelson  and  Summers ( 1982) .  A  titrimetric  procedure  for  CC>2 
determination  using  KOH  was  employed  for  quantitation  of  soil  organic 
carbon.  Soil  organic  matter  characterization  was  done  using  the  extraction 
scheme  described  by  Schnitzer(1982) .  Humic  and  Fulvic  acids  from  all  15 
soils  were  isolated  and  dried  using  a  rotary  evaporator  and  stored  for 
later  analysis.  The  E^/ Eg  ratio  of  the  isolated  humic  materials  were 
measured  on  a  Cary  model  219  uv  spectrophotometer  using  the  method  de¬ 
scribed  by  Schnitzer(1982) . 

Naphthalene  analysis  was  performed  using  a  Water's  Associates  HFLC 
unit  using  a  model  450  variable  wavelength  uv  detector  at  220  nm  wave¬ 
length,  1  cm  cell  path,  j*.-3ondapak  C,  :-  column,  and  a  757./257.  acetonitrile/ 
water  elutent.  Known  naphthalene  standards  were  prepared  in  decane  and 
used  to  quantitate  the  saturated  aqueous  solution  of  naphthalene  and  the 
various  dilutions  used  in  the  adsorption  study. 
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Table  1.  Selected  Soil  Chemical  Properties  of  Experimental  Soils 


Soli 

Al1 

Fe1 

Organic  C 

E4/E6 

£«_ 

X 

X 

I 

Orangeburg  B22tg 

0.15 

1.50 

0.15 

3.9 

Bethera  B21tg 

0.01 

0.36 

0.22 

3.7 

Hornsvllle  B21t 

0.39 

2  .40 

0.27 

3.8 

Myakka  Ap 

0.32 

3.91 

Arredondo  Ap 

0.37 

4.90 

5.8 

Duplin  B2t 

0.83 

2.80 

0.47 

3.7 

Orangeburg  Ap 

0.03 

0.23 

0.51 

4.72 

4.4 

Cander  Ap 

0.60 

3.57 

Greenville  Ap 

0.29 

2.30 

0.71 

4.81 

4.9 

Bethera  A1 

0.02 

0.27 

0.83 

4.74 

4.0 

Duplin  A1 

0.10 

0.83 

0.87 

4.45 

3.9 

Oktibbeha  Ap 

0.44 

4.20 

0.97 

5.3 

Hornsville  A1 

0.49 

0.32 

1.04 

4.58 

4.5 

Appalachee  Ap 

0.23 

2.90 

1.41 

5.53 

4.1 

Terra  Ceia  Muck 

13.62 

6.39 

5.8 

1 

"Active"  A1  and  Fe 

extracted 

by  clt. 

, -dith.  method 
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Soil  Components 

Synthetic  A1  and  Fe  hydroxides  were  prepared  by  titrating 
and  FeCl3  with  NaOH  to  a  metal/hydroxide  ratio  of  1:3.  The  metal  hydroxides 
were  washed  repeatedly  with  deionized  water  until  a  negative  Cl  test  with 
AgNO^  was  obtained.  Metal  hydroxides  were  freeze-dried  and  stored  at  5*C 
until  needed.  Humic  acid  was  extracted  from  a  Terra  Ceia  muck  by  the 
method  of  Schnitzer(1982) .  The  humic  acid  was  then  freeze-dried  and  stored 
at  room  temperature  until  used. 

Adsorption  Experiments 

Adsorption  studies  were  performed  in  acid-washed  40  ml  polyethylene 
centrifuge  tubes  sealed  with  teflon  septums  and  screw-type  caps.  Five 
grams  of  soil,  200  mg  of  AlCOH)^  and  Fe(0H)3>  and  100  mg  of  humic  acid 
were  placed  in  the  tubes  and  the  appropriate  amount  of  saturated  naphtha¬ 
lene  solution  added  and  the  tubes  brought  to  maximum  volume  with  0.1  N 
CaCl^  solution  to  minimize  head  space  and  subsequent  naphthalene  volatili¬ 
zation  loss.  Tubes  were  placed  cn  a  rotary  tumbler  and  mixed  for  24  hours. 
Samples  were  then  centrifuged  for  20  minutes  at  9000  rpm  in  a  Sorvall 
refrigerated  centrifuge.  One  hundred ^*1  of  supematent  was  withdrawn 
and  analyzed  for  naphthalene  as  previously  described.  Known  standards 
were  included  on  each  run  to  account  for  adsorption  on  to  cor.tainer  walls. 
Initial  naphthalene  concentrations  were  approximately  2.7,  5.4  13.0,  20.3, 

and  26.0^wg/ral.  The  mass  of  naphthalene  adsorbed  was  calculated  as  the 
difference  in  initial  and  final  concentration  minus  the  amount  absorbed 
by  the  container  walls. 
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IV.  RESULTS  AND  DISCUSSION 


The  naphthalene  adsorption  Isotherms  were  obtained  by  equilibrating 
5.00  g  portions  of  alr-drled  soil  with  40  mis  of  0.01  M  CaC^  solutions 
containing  0,  2.7,  5.4,  13.0,  20.3,  and  26ylg  naphthalene  per  ml  of  solu¬ 
tion  in  40  ml  septum-capped  polyethylene  centrifuge  tubes.  The 
equilibrium  naphthalene  concentration  in  ysg/ml  was  plotted  versus  the 
)A.g  of  naphthalene  adsorbed  per  g  of  soil  or  sorbate.  All  adsorption 
data  for  all  15  soils  and  the  synthetic  A1  and  Fa  hydroxides  and  the 
natural  humic  acid  were  plotted  according  to  the  Langmuir  and  Freundllch 
equations.  The  form  of  the  Langmuir  equation  used  was 
1  _C _ 

C/S  ”  kSj^jj  +  (1) 


where  C,  S,  SMX,  and  k  are  the  equilibrium  solution  concentration  of 
the  adsorbate,  the  amount  of  adsorbate  adsorbed  at  C,  the  maximum 
adsorption,  and  a  constant,  respectively.  If  the  adsorption  fits  the 
Langmuir  equation,  a  plot  of  1/S  versus  1/C  should  yield  a  straight  line 
with  a  slope  of  l/S^jj  and  an  intercept  of  1/kS^^. 

The  second  type  of  adsorption  equation  Investigated  was  the 
Freundllch  equation 
1/n 

SQ  -  kCQ  (2) 

where  S0,  C0,  k,  and  1/n  are  the  amount  of  adsorbate  adsorbed,  the  equili¬ 
brium  solution  concentration  of  adsorbate,  a  constant,  and  a  constant, 
respectively.  The  logarithm  form  yields 


log  SQ  ■  log  k  +  l/n  log  CQ 


(3) 
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A  plot  of  log  SQ  versus  log  CQ  yields  a  straight  line  with  a  slope  of 
1/n  and  an  intercept  of  log  k.  Data  fitting  either  of  these  adsorption 
models  does  not  imply  information  regarding  the  chemical  nature  of  nor 
the  mechanism  of  adsorption,  but  rather  allows  an  empirical  description 
of  the  overall  adsorption  process.  However,  in  the  case  of  the  Langmuir 
equation,  the  parameters  S^x  and  k  are  of  predictive  value  because  they 
are  the  adsorption  maximum  at  which  naphthalene  forms  a  monolayer  on 
the  solid  surface  and  a  constant  related  to  the  bonding  energy  of  the 
naphthalene  on  the  solid  surface,  respectively. 

There  was  not  a  consistent  trend  for  either  adsorption  equation  on 
all  fifteen  soils.  In  some  cases  the  Langmuir  equation  better  described 
naphthalene  adsorption,  and  in  other  cases  the  Freundlich  equation  was 
better  suited.  There  wa3  not  a  significant  statistical  relationship 
between  any  of  the  soil  chemical  properties  listed  in  Table  1  and  the 
adsorption  equation  parameters  S,,^,  Langmuir  k,  1/n,  or  the  Freundlich 
k.  However,  there  was  a  strong  relationship  between  soil  organic  C  and 
increased  naphthalene  adsorption.  In  general,  increasing  soil  organic  C 
increased  naphthalene  adsorption  across  all  soils.  It  appears  that 
adsorption  on  to  A1  and  Fe  oxides  is  of  little  or  no  significance  as 
evident  by  evaluating  the  subsoil  horizons  of  4  of  the  experimental 
soils  in  addition  to  the  synthetic  A1  and  Fe  hydroxides. 

The  relationship  between  soil  organic  C  and  naphthalene  adsorption 
is  not  clear  because  of  the  variability  in  soil  organic  matter.  In  order 
to  better  characterize  the  soil  organic  matter,  the  humic  material  was 
extracted  from  several  soils  and  characterized  by  the  E^/Eg  ratio  to 
determine  certain  properties  of  the  humic  fraction.  The  ratio  of  optical 
densities  or  adsorbances  of  silute,  aqueous  humic  and  fulvic  acid  solutions 


at  465  and  665  ran  (E^/Efc)  has  baen  shown  to:  (1)  Indicate  particle 
size;  (2)  be  correlated  with  free  radical  concentration,  contents  of 
0,  C,  CO2H  and  total  acidity;  (3)  not  be  related  to  the  concentration 
of  condensed  aromatic  rings. 

In  general,  the  soil  organic  C  content  decreases  with  depth  in 
most  soil  profiles  and  thus  comparisons  of  adsorption  data  from  the 
top  soil  and  the  subsoil  of  the  same  profile  indicate  the  contribution 
of  soil  organic  C  to  the  adsorption  process.  Although  all  fifteen 
soils  were  evaluated,  only  the  data  from  the  following  soils  will  be 
discussed:  Orangeburg  Ap,  Orangeburg  B22tg,  Terra  Ceia  muck,  and 
Bethera  B21tg.  The  adsorption  of  naphthalene  on  the  Orangeburg  Ap  and 
B22tg  (subsoil)  are  shown  in  Figures  4a  and  8a.  It  can  be  seen  in  these 
figures  that  the  Ap  horizon  significantly  adsorbs  more  naphthalene  than 
the  subsoil  horizon  (B22tg) . 

Evaluation  of  the  Langmuir  and  Freundllch  equations  for  the  two 
Orangeburg  soils  indicates  that  either  equations  describes  naphthalene 
adsorption  for  the  Ap  sample,  but  neither  appear  to  describe  the  adsorp¬ 
tion  on  the  subsoil  (B22tg) (Figures  4b,  4c,  8b,  8c).  The  two  soils 
that  exhibited  the  maximum  and  minimum  naphthalene  adsorption  were  the 
Terra  Ceia  muck  and  the  Arredondo  fine  sand  (Figures  9a  and  11a)  .  The 
Langmuir  or  the  Freundllch  equation  describes  naphthalene  adsorption 
on  the  Terra  Ceia  muck,  but  neither  produce  a  good  fit  for  the  Arredondo 
sand.  All  experimental  soils  exhibited  some  capacity  for  naphthalene 
adsorption  with  Increasing  adsorption  related  to  Increasing  organic 
carbon,  but  not  related  to  mineralogy,  pH,  or  "active"  Al  and  Fe  oxides 
and  hydroxides. 
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VI.  RECOMMENDATIONS 

Results  from  the  experiments  conducted  this  summer  at  the 
Environics  Laboratory  at  Tyndall  AFB,  Florida,  indicate  the  importance 
of  soil  organic  matter  in  the  adsorption  of  naphthalene  by  soils. 
However,  to  better  manage  the  fate  of  this  Air  Force  fuel  constituent, 
the  following  information  or  experiments  are  needed: 

(1)  The  nature  of  the  chemical  interaction  of  a  non-ionic, 
non-polar  compound  such  as  naphthalene  and  soil  organic  matter  needs 
to  be  elucidated  via  more  basic  research  at  a  molecular  level. 

(2)  The  reversibility  of  the  adsorption  process  and  the 
kinetics  of  this  process  needs  to  be  investigated  to  assure  a  mass 
balance  approach  to  the  fate  of  naphthalene  in  the  soil/water  system. 

(3)  Adsorption  of  naphthalene  from  more  complex  (i.e.,  multiple 
solvent  system)  solutions  that  closely  simulate  jet  fuels  needs 
evaluation. 

(4)  Development  of  a  model  that  Includes  volatization,  biotic 
degradation,  sdsorption/desorption  processes  and  transport  components 
that  will  assist  in  the  evaluation  of  the  overall  impacc  of  naphthalene 
in  the  environment. 
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A  least  cost  model  for  determining  an  optimal  trajectory  for 
attacking  multiple  targets  on  a  single  pass  of  the  attacking  aircraft 
is  investigated.  A  Quasi-Newton  procedure  and  a  Levinberg-Marquardt 
procedure  for  solving  an  unconstrained  model  are  compared.  A  penalty- 
multiplier  method  for  solving  a  constrained  model  is  investigated. 
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I .  INTRODUCTION 


One  of  the  most  demanding  tasks  forcing  the  Air  Force  Is  countering 
the  massed  armor  attack.  The  problem  for  the  Air  Force  is  to  destroy 
enough  targets,  fast  enough,  with  an  acceptable  aircraft  survival  rate. 
Present  day  weapon  delivery  and  fire  control  systems  are  oriented 
primarily  toward  attacking  a  single  target  per  pass.  A  means  for 
attacking  multiple  targets  on  a  single  pass  Is  needed,  not  only  to 
increase  the  target  kill  rate,  but  also  as  a  way  of  reducing  aircraft 
attrition. 

In  the  intermediate  range  of  target  spacing,  there  presently  exists 
no  fire  control  guidance,  either  to  the  pilot  or  to  an  automatic  control 
system,  for  either  aircraft  trajectory  or  targeting  sensor  control.  For 
a  pilot  to  sequence  present  day  fire  control  systems  for  each  target, 
simultaneously  choosing  an  aircraft  trajectory  that  maintains  surviva¬ 
bility  as  well  as  accurate  weapon  pointing,  would  be  a  virtually  Impossible 
task.  An  algorithm  that  generates  near-optimal  trajectory  guidance  would 
solve  these  problems. 

In  the  feasibility  study  described  in  ^s],  a  trajectory  model  was 
developed  that  resulted  in  an  unconstrained  cost  function  which  is  to  be 
minimized  to  obtain  an  optimal  attack  trajectory.  The  cost  was  expressed 
as  a  sum  of  squares  of  a  set  of  residuals.  For  the  model  that  was 
considered,  twenty  four  Independent  variables  and  one  hundred  and  ninety- 
two  residuals  were  involved.  A  levenberg-Marquardt  T6]  algorithm  was 
used  In  [8]  for  the  minimization  of  the  cost  function.  Since  the  cost 
function  was  unconstrained,  a  number  of  difficulties  were  noted.  Some 
of  the  optimal  trajectories  contained  undesirable  or  unrealistic  features. 
Mathematical  conditioning  problems  were  also  noted,  and  there  were  some 
questions  about  the  efficiency  of  the  Levenberg-Marquardt  algorithm. 


II.  OBJECTIVES 


The  main  objective  of  the  project  was  to  investigate  a  constrained 
version  of  the  optimization  problem  described  In  I.  In  order  to  gain 
some  insight  into  the  unconstrained  cost  function,  the  unconstrained 
problem  was  Investigated  through  a  Quasi-Newton  [4,5]  optimization 
algorithm.  The  objective  here  was  to  obtain  a  comparison  with  the 
Levenberg-Marquardt  algorithm.  A  penalty-multiplier  technique  f2]  was 
used  to  Investigate  a  constrained  version  of  the  problem  wherein  the 
aircraft  altitude  was  constrained. 

III.  QUASI -NEWTON  METHODS 

Let  F  be  a  real  valued  function  of  n  real  variates.  Then  It's 

well  known  r4]  that  x  Is  a  local  minimum  of  F  If  F  is  sufficiently 
—  2  — 

smooth,  7F(x)  *0,  where  7F  Is  the  gradient  of  F,  and  V  F(x)  is  positive 
2 

definite,  where  V  F  denotes  the  Hessian  of  F.  A  popular  technique  for 
locating  x  Is  Newton's  method.  Let  xk  be  an  estimate  of  x.  Then  the 
next  estimate,  xk+1>  Is  chosen  to  satisfy 

XU1  *  *k-(72F(xk))-1VF(xk)  .  (1) 

Newton's  method  works  very  well  with  rapid  convergence  If  the  Initial 
estimate  of  x  Is  sufficiently  close  to  x.  However  the  difficulties  with 
the  method  are  well  known  and  are  detailed,  for  example,  In  r 41 . 

The  difficulties  mentioned  above  motivated  the  development  of  a 
class  of  optimization  techniques  known  as  Quasi-Newton  methods.  The 
methods  are  designed  to  be  globally  convergent  and  to  behave  like  Newton's 
method  when  one  Is  sufficiently  close  to  a  minimum  of  the  objective 
function.  A  convenient  summary  of  the  technique  Is  given  In  [51,  while 
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detailed  convergence  results  can  be  found  in  T41. 

Here  we  briefly  describe  the  procedure  and  the  specific  method  used 
in  the  project.  Let  xk  be  an  estimate  of  x,  a  local  minimum  of  F.  Let 
Hk  be  a  positive  definite  matrix.  Generate  a  search  direction,  S^,  by 

Sk  -  -Hk7F(xk)  .  (21 

Locate  ak  so  that 

F(xk +  akSk)  *  min  F(xk +a$k)  .  (3) 


The  next  estimate,  xk+j,  of  x  is  given  by 


Vi  •  V“ksk  ■ 


Revise  Hk  to  obtai  n  Hk+1  and  repeat  (2),  (3),  (4)  until  convergence  to 
x  is  obtained.  Hk+j  is  required  to  be  positive  definite  and  to  satisfy 


xk+l  "xk  a  Hk+l*7F*xk+l* ‘7F*xk^  1 

(5)  is  known  as  the  Quasi -Newton  condition. 

For  this  project,  Hk+j  was  obtained  from  Hk  by  means  of  the  Broyden- 
Fletcher-Goldfarb-Shanno  updating  procedure:  with  ^  *  x|<+i  *  x|<  and 

Yk"7F{xk+l)  *7F(xk) 

YkHkYk  5k5k  5kYkHk +  HkYk5k 
H.  .  »  H.  +  ( 1  +  -*-k  -  )  -  (JUL1 - LLi)  .  (6) 

5k  sk  6W 


The  efficiency  of  the  above  scheme  depends  on  the  initial  estimate 
of  x,  the  initial  choice  of  H^,  and  how  well  (3)  can  be  accomplished. 

In  practice  (3)  is  not  accomplished  exactly,  but  ctk  is  only  chosen  so 
that  F(xk+ak$k)  is  sufficiently  smaller  than  F(xk).  For  the  present 
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implementation,  an  Armijo-type  procedure  rn  was  used  to  achieve  the 
reduction.  In  addition  it  was  required  that  xk+j  satisfy 

sj7F(xktl),pS^(«k)  m 

where  p  was  fixed  between  0  and  1. 

(7)  insures  that  Hk+^,  given  by  (6),  is  positive  definite. 

The  Quasi-Newton  method,  as  described  above,  tested  very  well.  The 
efficiency  of  the  procedure  compared  with  that  reported  in  the 
literature  on  a  variety  of  test  problems.  However,  when  the  method  was 
used  on  the  multiple  target  trajectory  problem,  it  was  consistently 
inferior  to  the  Levenberg-Marquardt  algorithm.  Since  the  updating 
procedure  given  by  (6)  is  generally  acknowledged  to  be  the  best  of  the 
Quasi-Newton  methods  r4,51,  it  seems  reasonable  to  conclude  that  one 
will  not  be  able  to  Improve  on  the  Levenberg-Marquardt  algorithm  for 
the  unconstrained  optimization  problem  considered  in  the  project. 

IV.  PENALTY-MULTIPLIER  METHODS 

We  now  consider  the  constrained  optimization  problem 

minimize  F(x) 

subject  to 

g^(x)  sO,  1  » 

where  each  of  F,  g^,  1  »  i,...,J,  Is  a  real  valued  function  of  n  real 
variables. 

One  type  of  penalty-multiplier  method  for  solving  the  constrained 
problem  is  as  follows.  Select  scalars  X^,  i  ■  l . J  and  c^.  Form 
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where 


j  If  4.  1  J  ? 

Lk  *  f+  r  x;g;+±ck  e  (g^ 

*  1  =  1  1  1  1  k1  =  l  1 

gi  =  maxfg^ ,  -X^c^  . 

k 

Locate  an  unconstrained  minimum  of  Lk,  say  xk-  Update  X.j,  i  =  l,...,j, 

k+1  — 

and  ck  to  obtain  X^  ,  i  =  and  ck+j.  Use  xk  as  a  starting 

guess  for  locating  an  unconstrained  minimum  of  Lk+^,  where  Lk+i  is 

k  k+1 

obtained  from  Lk  by  replacing  ck  by  ck+1  and  X^,  1  =  l,...,j,  by  X^  , 

k+1 

for  updating  X^  ,  i  =  1, . . . ,  j,  and  ck 
kgi(x|c),  i  =  1, . . . ,j 

Z  (gt(x.  ) ) 2  >  Y  E  (g^(x.  . )  )2 
i  =  l  1  K  1  =  1  1  *  1 

E  (gt(xk))2s v  Z  (g!(x.  ,))2 

1=1  1  K  1=1  1  K_1 

where  8>  1  and  0<y<  1  were  fixed.  A  detailed  and  exhaustive  treatment 
of  penalty  multiplier  methods  may  be  found  in  ^21. 

This  procedure  was  chosen  in  order  to  obtain  baseline  Information 
about  the  trajectory  attack  problem  when  aircraft  altitude  is  constrained. 
It  is  relatively  easy  to  program  and  can  use  existing  unconstrained 
optimization  softward.  When  used  with  the  levenberg-Marquardt  uncon¬ 
strained  optimization  algorithm,  the  procedure  produced  acceptable  attack 
trajectories.  However,  the  method  is  slow.  Optimal  trajectories  were 
obtained  but  with  an  unacceptably  high  number  of  function  evaluations. 


i  =  l,...,j.  The  procedure  used 
was 

.k+1  .  k 

X  i  3V 

and 
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VI.  RECOMMENDATIONS 

Clearly,  considerably  more  work  needs  to  be  dene  to  obtain  a  better 
understanding  of  the  behavior  of  the  trajectory  cost  function  and  to 
solve  the  constrained  minimization  problem  in  an  efficient  way.  Regarding 
the  latter,  there  are  a  number  of  alternative  procedures  -  feasible 
directions,  penalty  methods,  dual  methods  and  recursive  quadratic  pro¬ 
gramming  methods.  Of  these,  the  last  mentioned  appears  to  offer  the 
best  chance  of  solving  the  constrained  problem  in  a  reasonable  amount 
of  time.  The  basic  idea  of  the  method  is  to  solve  a  sequence  of  quad¬ 
ratic  programming  problems  wherein  the  objective  function  is  a  quadratic 
approximation  to  the  Lagrangian  of  the  constrained  problem,  and  the 
constraints  In  the  quadratic  problem  are  linear  approximations  to  the 
full  constraints.  A  survey  of  such  methods  is  given  in  r3].  Of  these, 
a  recent  algorithm  of  Powell  T71  appears  to  offer  promise  and  Is  well 
worth  investigating. 
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ABSTRACT 


The  results  from  visual  observations  and  studies  of  high  speed  cine 
pictures  of  reacting  flows  with  and  without  heat  release  in  an  axisymmetric, 
unducted,  and  vertically  mounted  bluff-body  combustor  are  presented.  For  the 
reacting  experiment  without  heat  release,  the  fuel,  a  small  concentration  of 
TlCl^  vapor  added  to  dry  air,  is  ejected  from  a  jet  located  at  the  center  of 
the  bluff  body.  Turbulent  mixing  of  the  TiCl^  and  HjO  vapor  contained  in  the 
annulus  air,  results  in  the  formation  of  micron  size  particles  of  TK^  and 
with  sheets  of  light  directed  both  vertically  and  horizontally,  provide  a 
remarkably  detailed  visualization  of  the  dynamic  structures  in  the  central  jet 
and  the  recirculation  zone  behind  the  bluff  body.  The  results  from  similar 
experiments  with  heat  release  are  presented  where  TiCl^  vapor  is  added  to  the 
gaseous  propane  and  burned.  Vortex  shedding  from  the  bluff-body  is  clearly 
evident  in  the  experiments  without  heat  release.  However,  vortex  shedding  did 
not  occur  in  the  combustion  propane  experiments  because  the  recirculating  flow 
became  laminar  as  a  result  of  the  increase  in  kinematic  viscosity  due  to  the 
increase  in  temperature.  Oscillations  in  the  shear  layer,  observed  in  all  the 
combusting  experiments,  grow  in  amplitude  with  increasing  annulus  air 
velocity.  However,  the  flame  lifted  from  the  bluff  body  face  before  these 
oscillations  reached  sufficient  amplitude  to  produce  vortex  shedding. 
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I.  INTRODUCTION 


The  Aero  Propulsion  Laboratory  (APL)  has  developed  a  bluff  body  research 
combustor  for  the  purposes  of:  (1)  evaluating  the  performance  of  conventional 
probes  and  advanced  laser  techniques  and  (2)  for  conducting  experiments  to  aid 
in  evaluating  and  developing  combustion  models.  Numerous  experiments  and 
theoretical  analyses  have  yielded  a  detailed  understanding  of  many  of  the 
characteristics  of  the  combustor.*  High  speed  movies  have  proven  to  be  the 
most  useful  technique  for  understanding  the  turbulent  combusting  flow  field. 
They  revealed  the  existence  of  large  scale  vortices  shed  from  the  bluff  body 
which  plays  an  important  role  in  the  mixing  processes  in  the  near  and  far  wake 
regions.  The  interpretation  of  single  point  laser  Doppler  anemometer  (LDA) 
and  coherent  anti-Stokes  Raman  spectroscopy  (CARS)  measurements  in  terms  of 
the  large  scale  structures  has  been  greatly  enhanced  by  the  use  of  high  speed 
cine  pictures.  Flow  visualization  coupled  with  simultaneous  single  or 
multiple  point  measurements  is  believed  to  be  essential  for  understanding  the 
details  of  flows  containing  large  scale  structures. 

Sheet-lighting  has  been  used  in  recent  years  to  provide  quantitative  two- 

dimensional  (2-D)  visualization  of  flow  fields.  Long,  et  al.,  used  a 

Lorenz/Mie  scattering  technique  in  an  aerosol  seeded  jet  to  study  the 

2 

entrainment  and  mixing  processes.  Escoda  and  Long,  in  a  similar  study,  used 
Rayleigh  scattering  to  study  a  freon  jet.3  Crosley^  and  Kychakoff,  et  al.5 
used  fluorescence  scattering  to  record  the  2-D  view  of  the  OH  formed  in  a 
flame.  Johnson  and  Bennett  studied  turbulent  mixing  processes  of  coaxial  jets 
discharging  into  an  expanded  duct  using  a  fluorescent  tracer  in  a  water  tunnel 

6  7  q 

experiment.  Koochesf ahani,  et  al.  and  Diootakis,  et  al.  also  used  a 

fluorescent  dye  in  water  tunnel  experiments  to  study  the  mixing  in  chemically 
reacting  shear  layers  and  jets,  respectively.  The  ie  studies  have  demonstrated 
the  value  of  different  sheet-lighting  techniques  for  studying  flows  containing 
large  scale  structures. 

The  objective  of  ttu3  paper  is  to  introduce  a  two-dimensional  (2-D) 
sheet-lighting  technique  coupled  with  a  fast  chemically  reacting  system  that 
can  provide  detailed  visualization  of  turbulent  mixing  processes  without  heat 
release.  This  technique  also  offers  the  potential  for  making  simultaneous 
velocity  and  relative  product  concentration  measurements.  Visualization 
results  obtained  in  a  small  unducted  bluff-body  combustor,  of  similar  design 
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Co  that  used  in  Reference  1,  are  presented  as  a  demonstration  of  the 
technique.  Micron  size  particles  are  used  as  the  scattering  mdeia. 

These  particles  are  formed  as  a  product  of  the  reaction  of  TiCl^  and 
This  reaction  has  been  used  by  several  investigators  to  provide  seed  particles 
for  LDA  measurements.  ’  To  our  knowledge,  however,  the  potential  use  of 
this  reactive  system  as  a  tool  for  studying  turbulent  mixing  processes  has  not 
been  explored.  The  TiC>2  particle  size  has  been  reported  to  be  fairly  uniform 
and  is  generally  in  the  0.2  to  1  micron  range  with  only  a  small  fraction  in 
the  2  to  3  micron  range. ^  Particles  in  this  size  range  can  follow  the  flow 
and  also  provide  good  Mie  scattering  centers.  Normally,  large  concentrations 
of  T102  particles  are  formed  so  that  the  prospects  of  obtaining  unbiased  LDA 
results  by  uniformly  sampling,  as  demonstrated  in  Reference  10,  appear  good. 
The  scattered  light  intensity  from  a  measurement  volume  might  also  be  directly 
proportional  to  the  Ti02  concentration;  however,  this  point  needs  to  be 
carefully  examined  before  such  a  claim  can  be  made.  The  reaction  seems  to  be 
nearly  instantaneous  since  Ti02  particles  begin  to  form  just  at  the  exit  of  a 
high  speed  jet  in  which  a  uniform  mixture  of  TiCl^  and  dry  air  is  injected 
into  humid  air.  This  indicates  that  the  reaction  is  mixing  limited  and  can  be 
effectively  used  to  study  turbulent  mixing  processes.  The  corrosive  nature  of 
TiCl^  and  HC1  may  have  discouraged  its  use  in  the  past  but  with  proper 
handling  procedures  and  good  ventilation  and  exhaust  systems,  this  does  not 
appear  to  be  a  serious  problem. 

II.  OBJECTIVES  OF  RESEARCH  EFFORT 

The  objective  of  this  research  was  to  study,  by  sheet-lighting,  the 
reaction  zone  using  TiCl^  vapor  and  dry  air  as  fuel  and  room  air  as  the 
oxidizer.  The  water  vapor  in  the  room  air  reacts  with  the  TiCl^  to  form  Ti02 
particles.  High  speed  motion  pictures  and  35  mm  still  pictures  were  taken. 

The  Mie  scattering  from  the  Ti02  particles  gives  an  insight  into  the 
complicated  fluid  flow  in  the  reaction  zone  as  well  as  the  vortex  shedding. 

III.  EXPERIMENTAL  SET-UP 

A  schematic  diagram  of  the  experimental  set-up  is  shown  in  Figure  1.  The 
bluff  body  combustor  was  symmetrically  mounted  in  a  small  vertical  combustion 
tunnel.  The  fuel  nozzle  located  at  the  center  of  the  60  mm  diameter  bluff 
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body  la  4.78  on  in  diameter.  This  nozzle  has  a  short-tapered  contour  as 
recommended  by  ASMS  for  providing  a  flow  with  a  flat  velocity  profile  and  low 
tubulence  Intensity  at  the  exit.  The  combustion  tunnel  was  also  designed  to 
provide  air  with  a  flat  velocity  profile  and  low  turbulent  level  to  a  test 
section.  The  tunnel,  with  an  80  mm  diameter,  can  be  operated  either  ducted  or 
unducted.  For  the  experiments  reported  in  this  paper,  it  was  unducted  and 
thus  subject  to  room  air  currents.  During  the  experiments,  the  only 
ventilation  system  operating  was  the  exhaust  hood  which  was  placed  about  50  cm 
directly  above  the  tunnel.  Though  precautions  were  taken  to  still  the  room 
air,  disturbances  in  the  combustor  flow  field  attributed  to  room  air  currents 
were  occasionally  observed,  especially  when  the  combustor  was  operated  at 
annulus  velocities  of  2  m/s  or  less. 

The  60  mm  diameter  bluff  body  has  also  been  operated  in  the  254  mm 
diameter,  ducted  combustion  tunnel  at  APL.  Although  the  results  from  these 
experiments  will  not  be  presented  in  this  paper,  several  observations  are 
noteworthy.  In  the  large  ducted  tunnel,  the  flame  was  attached  to  the  bluff 
body  face  at  annulus  velocities  in  excess  of  20  m/s;  whereas  in  the  small 
unducted  tunnel,  the  flame  lifted  from  the  face  when  the  velocity  exceeded 
about  4  m/s.  If  the  small  tunnel  was  operated  long  enough  for  a  layer  of  soot 
about  2  an  thick  to  form  on  the  bluff  body  face,  the  flame  would  remain 
attached  for  velocities  up  to  8  m/s.  The  combusting  experiments  reported  in 
this  paper  at  high  annulus  velocities  used  the  soot  layer  to  stabilize  the 
flame.  About  a  ±  2.5%  variation  in  the  annulus  velocity  at  different  spatial 
locations  was  noted  in  the  small  tunnel.  This  variation  did  cause  some 
asymmetry  in  the  flow  field  and  could  have  contributed  to  the  flame  detachment 
problem.  Vortex  shedding  from  the  bluff  body  was  observed  in  the  large  tunnel 
with  an  annulus  velocity  of  about  18  m/s  but  not  in  the  small  tunnel  where  the 
velocity  was  about  8  m/s. 

The  flow  rate  in  the  central  jet  at  the  nozzle  exit  is  measured  with 
calibrated  rotameters.  A  pressure  regulator  is  used  to  set  and  maintain  a 
given  flow  rate  of  air  to  the  annular  region  of  the  nozzle.  A  pitot  tube  and 
precision  monometer  are  used  to  determine  the  velocity  at  the  annular  exit. 
This  determination  was  made  prior  to  each  test  run. 

Experiments  were  conducted  with  building  air  flowing  in  the  annular 
region  and  either  dry  air  or  propane  containing  small  amounts  of  TiCL^  vapor 
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flowing  through  the  central  jet.  Some  experiments  were  conducted  to  show  the 
differences  in  the  flow  field  with  and  without  heat  release.  In  these 
experiments,  TiCl^  vapor  was  added  to  the  propane  but  not  ignited.  In  some 
combusting  experiments,  TiCl^  vapor  was  added  to  the  propane  to  increase  the 
particle  concentration  so  that  cine  pictures  could  be  made. 

The  optical  set-up  consists  of  a  ^-watt  Argon  Ion  Laser,  which  is 
operated  at  the  5145  A  Argon  Ion  line.  The  laser  beam  strikes  a  quartz  rod 
whose  diameter  is  8  mm.  This  rod  acts  as  a  cylindrical  lens.  The  light  beam 
fans  out  in  a  plane  perpendicular  to  the  axis  of  the  quartz  rod.  The  angle  of 
divergence  depends  on  the  rod  diameter  (greater  for  small  diameters).  The 
thickness  of  the  sheet-light  is  approximately  equal  to  the  diameter  of  the 
laser  beam  exiting  from  the  laser  (1.25  mm).  To  Increase  the  intensity  of 
sheet-lighting  of  the  test  section,  a  plane  front-surfaced  mirror  was  placed 
behind  the  test  section.  The  position  of  this  mirror  was  adjusted  so  that  the 
sheet-light  is  reflected  back  on  itself.  In  this  manner,  the  light  intensity 
at  the  test  section  is  increased  nearly  twofold.  Tests  were  also  conducted 
with  horizontal  and  vertical  sheets  of  light  simultaneously  appearing  in  the 
test  section.  To  accomplish  this,  a  beam  splitter,  another  cylindrical  rod, 
and  a  mirror  were  added  to  the  optical  set-up.  A  variable  speed  chopper  was 
installed  at  the  laser  output  to  allow  strobing  of  the  light  sheets  and  make 
possible  observations  of  dominant  frequencies  and  vortex  shedding. 

Because  of  the  continuum  radiation  from  hot  carbon  particles  in  the 
propane  flames,  the  laser  light  scattered  by  the  cooler  carbon  and  Ti0o 
particles  within  certain  sections  of  the  flame  zone  was  difficult  to 
observe.  This  difficulty  was  overcome  by  using  a  narrow,  band-pass  optical 
filter.  The  filter  used  was  centered  at  5145  A  and  had  a  half-width  of  90 
A.  The  light  intensity  at  5145  A  is  reduced  40%.  With  this  filter  in  place, 
the  yellow  continuum  radiation  from  the  carbon  in  the  reaction  zone  is  nearly 
eliminated;  thus,  allowing  one  to  observe  the  sheet-lit  plane  within  the 
prop-ne  flame. 

Still  pictures  (35  mm)  and  high  speed  motion  pictures  were  taken  of  the 
sheet-lighted  reacting  flow.  At  the  beginning  of  each  reel  (or  roll)  of  film 
a  target  (10  mm  grid)  was  mounted  over  the  center  of  the  nozzle,  where  the 
laser  sheet  is  located.  The  target  was  used  to  focus  the  camera  as  well  as 
provide  a  grid  for  making  measurements  from  the  photographs.  The  sheet-light 
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intensity  was  sufficient  to  allow  still  picture,  in  most  instances,  to  be 
taken  at  f  4.0  1/2000  second.  Motion  pictures  were  taken,  in  most  instances, 
at  f  2.8  and  1000  frames  per  second.  The  shutter  speed  of  the  motion  pictures 
is  approximately  1/2600  sec.  To  take  pictures  when  the  sheet-light  is 
horizontal,  a  mirror  was  installed  at  about  60  cn  above  the  nozzle.  Thus,  it 
was  possible  to  make  photographs  directly  above  the  nozzle  with  the  optical 
axis  of  the  camera  perpendicular  to  the  horizontal  sheet-light.  When  the 
optical  filter  was  in  place,  it  was  necessary  to  increase  the  exposure  time 
one  stop. 

Tests  were  conducted  over  a  wide  range  of  operating  conditions.  For 
example,  in  the  cold  flow  experiments,  the  Reynolds  number  of  the  annular  flow 
was  varied  from  1250  to  22,500,  the  central  jet  from  290  to  5,000.  For  the 
propane  experiments,  the  Reynolds  number  of  the  annular  flow  varied  from  2500 
to  10,000;  the  central  jet  from  500  to  11,000,  calculated  based  on  inlet 
conditions. 

IV.  RESULTS  AND  DISCUSSIONS 

This  section  is  organized  into  two  subsections:  Reacting  Cold  Flow  and 
Combusting  Flow.  The  results  obtained  from  ejecting  a  mixture  of  TiCl^  vapor 
and  dry  air  from  the  central  jet  and  mixing  this  with  moist  air  from  the 
annulus  are  presented  in  the  reacting  cold  flow  subsection  along  with  the 
locations  of  the  forward  and  aft  stagnation  points  for  a  wide  range  of  annulus 
velocities.  Descriptions  of  the  flow  field  that  result  for  different  fuel 
velocities  and  a  trace  of  the  time  history  of  shed  vortices  are  also 
presented.  The  combusting  flow  fields  are  described  in  the  combusting  flow 
subsection.  TiCl^  vapor  was  added  to  the  central  propane  jet  to  aid  in 
visualizing  the  flow  field  through  the  flame.  Also,  some  photographs  of  the 
non-combusting  propane  and  TiCl^  mixture  are  presented. 

IVa.  Reacting  Cold  Flow 

Location  ox  Forward  and  Aft  Stagnation  Points.  The  bluff  body 
combustor  can  be  thought  of  as  two  widely  spaced  jets:  an  annular  jet  and  a 
central  fuel  jet.  A  recirculation  zone  is  established  as  a  result  of  the 
expansion  and  entrainment  of  the  annular  jet.  The  reverse  flowing  air  in  the 
recirculation  zone  is  in  direct  opposition  to  the  flow  of  the  central  jet. 
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For  flow  conditions  at  wnich  the  momentum  of  the  reverse  flowing  air  is  larger 
than  the  momentum  of  the  central  jet,  the  central  jet  "low  will  be  turned  back 
towards  the  bluff  body.  The  axial  velocity  of  the  central  jet  is  zero  at  the 
point  where  this  occurs.  The  centerline  location,  where  the  central  jet  is 
turned,  is  called  the  forward  stagnation  point.  The  maximum  centerline  length 
of  the  recirculation  zone  is  called  the  aft  stagnation  point.  When  the 
momentum  of  the  central  jet  is  larger  than  that  of  the  reverse  flowing  air, 
the  central  jet  will  penetrate  the  recirculating  zone,  and  hence  no  stagnation 
points  exist  along  the  centerline. 

Jhe  forward  and  aft  stagnation  points  were  measured  over  a  wide  range  of 
annular  and  central  jet  velocities.  These  measurements  were  made  by  simply 
mounting  an  L-shaped  tube  on  a  vertical  traversing  mechanism  and  using  it  as  a 
positioning  probe  that  could  be  readily  moved  in  and  out  of  the  test 
section.  Some  judgement  is  required  on  the  mean  location  of  the  stagnation 
points  because  of  fluctuations,  but  by  visually  averaging,  the  results  appear 
to  repeat  fairly  well.  (A  typical  set  of  sheet  lighted  photographs  are  shown 
in  Figure  2.) 

The  procedure  is  as  follows:  The  annular  air  flow  is  set  a*-  a  prescribed 
flow  (determined  by  pitot  measurements)  and  the  central  fuel  jet  (TiCL^  vapor 
and  air)  is  varied  incrementally  until  the  Jet  penetrates.  At  each 
incremental  change,  the  position  of  the  forward  stagnation  point  is  measure. 
Two  sets  of  data  were  collected  on  different  days.  Figure  3  shows  a  typical 
set  of  data  points.  Except  for  the  lowest  annular  flow  rates  (1  to  3  m/s)  the 
variation  between  the  data  points  was  generally  less  than  10X.  A  total  of 
approximately  500  measurements  were  made.  The  data  for  each  annulus  velocity 
were  averaged  and  a  smooth  curve  was  drawn  through  the  points.  The  data 
collected  were  to  be  plotted  as  dimensionless  variables  with  the  fundamental 
variables  being  L  (forward  stagnation  point),  Lp  (aft  stagnation  point),  VA 
(annular  velocity),  Vj  (central  jet  velocity),  dQ  (outer  diameter  of  annulus), 
di  (inner  diameter  of  annulus),  dj  (diameter  of  central  jet)  and  v,  the 
following  relation  is  obtained: 


k_  .  f  {!i 

L  rPV  ’ 
P  4 
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Since  the  geometry  in  these  experiments  Is  fixed, 
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it  was  found  that  the  data  (L/Lp)  collapsed  to  a  single  curve  when  plotted 
against  Vj/VA  (see  Figure  4). 

The  data  points  were  obtained  from  smooth  curve  fits  of  the  averaged  data 
as  previously  explained.  The  afc  stagnation  point  was  found  to  have  a 
constant  value  of  49  am  for  annulus  velocities  greater  than  4  m/s.  The 
equation  for  the  curve  is  given  on  the  graph.  The  observation  that 
penetration  occurs  at  a  velocity  ratio  of  one  should  not  be  generalized  since 
a  different  size  bluff  body  or  central  jet  would  very  likely  give  a  different 
result.  These  data  suggest  that  the  time  average  flow  fields  are  similar  for 
conditions  where  the  ratio  of  annular  velocity  (VA)  to  central  jet  velocity 
(Vj)  is  a  constant. 

Let  us  define  at  onset  of  penetration  a  friction  factor,  f,  as 


The  following  table  of  f  versus  RA  is  computed  from  the  data. 


Table  I.  Values  of  f  versus  RA 


V 

ra 

f 

8 

l  ,250 

.0111 

9 

2,500 

.0135 

3,750 

.00940 

*, 

5,000 

.01053 

7,500 

.0133 

* 

10,000 

.0130 

’4 

12,500 

.0127 

15,000 

.0140 

17,500 

.0141 

20,000 

.0136 

•4 

22,500 

.0120 

For  turbulent  flow  in  the  annulus  (R^  <  10,000),  f  •  .0132  ±  9X.  It  would  be 
interesting  to  determine  how  geometrical  changes  in  the  nozzle  effect  f.  If 
it  is  truly  a  constant  (0.0132)  for  turbulent  flow  over  a  wide  range  of 
geometries,  it  would  be  significant.  One  could  then  compute  the  aft 
stagnation  point  (Lp)  knowing  the  entrance  conditions  and  the  central  jet 
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Flow  Field  Descriptions ♦  Of  necessity,  turbulent  recirculating  flows 
are  usually  described  in  terms  of  time  averaged  flow  fields.  Visual 
observations  of  the  sheet-lit  reacting  cold  flow  field  of  the  bluff  body  tend 
to  provide  a  time  averaged  view.  Viewed  in  this  way,  flow  conditions  with  the 
same  velocity  ratio  ( Vj /VA)  appear  similar  to  the  eye.  In  general,  one 
observes  a  large  recirculation  zone  (a  toroidal  vortex)  which  is  bound  to  the 
bluff  body  and  is  driven  by  the  annular  jet.  The  central  jet  flow  extends 
into  the  center  of  the  recirculation  zone.  A  second  recirculation  zone,  which 
is  driven  by  the  central  jet  as  it  entrains  fluid,  appears  narrow  and 
stretched  along  Che  stem  of  the  central  jet.  In  an  attempt  to  characterize 
the  visually  observed  flow  fields,  three  general  flow  conditions  might  ba 
identified.  The  first  condition  is  characterized  by  the  domination  of  the 
annular  jet.  The  second  is  where  neither  jet  dominates  and  the  third  is  where 
the  central  jet  dominates.  Each  of  these  will  be  discussed  in  the  following 
paragraphs. 

The  annular  jet  appears  to  dominate  the  flow  field  for  small  velocity 
ratios  UP  t0  a  value  of  about  0.4.  For  these  conditions,  the  momentum 

of  the  reverse  flow  is  sufficiently  large  to  turn  the  central  Jet  flow  before 
it  reaches  the  height  of  the  time  averaged  center  of  the  large  recirculation 
zone.  The  vortex  center  Is  approximately  25  nn  above  the  bluff  body.  In  this 
case,  the  central  Jec  is  vary  unstable  and  moves  from  aide  to  side  in  an 
erratic  way.  Figure  20  shows  a  snapshot  of  the  flow  field  with  the  annular 
Jec  dominant.  Although  the  snapshot  does  noc  represent  the  time  averaged  view 
of  the  flow,  it  does  clearly  show  the  asymmetry  of  the  flow  field  produced  by 
the  central  jet  being  pushed  to  the  left  at  the  instance  the  picture  was 
taken. 

Neither  jet  appears  to  dominate  the  flow  field  for  velocity  ratios 
between  0.4  and  about  1.5.  When  the  momentum  of  the  central  Jet  is  sufficient 
to  move  the  forward  stagnation  point  above  the  axial  height  of  the  large 
vortex  center,  the  stem  of  the  Jet  does  not  move.  However,  the  tip  of  the  jet 

does  fluctuate  a  distance  of  a  few  millimeters  in  all  directions.  As  the 

velocity  ratio  approaches  one,  the  central  jet  penetrates  about  50%  of  the 

time  and  at  a  ratio  of  about  1,5,  it  penetrates  100%  of  the  timo. 
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The  central  jet  appears  to  dominate  the  flow  field  for  velocity  ratios 
greater  than  1.5.  The  central  jet  appears  to  entrain  a  large  quantity  of 
annulus  air.  The  annulus  air  is  pulled  in  around  the  shear  layer  of  the 
annular  jet  and  back  along  the  shear  layer  of  the  central  jet.  The  central 
jet  entrainment  can  also  reduce  the  size  of  the  recirculation  zone. 

Although  the  velocity  ratio  is  a  good  parameter  to  characterize  the  time 
average  flow  field,  it  is  not  sufficient.  Flow  fields  at  low  and  high 
velocities,  but  with  a  constant  velocity  ratio,  appear  very  different  when  the 
lMar  sheet  is  chopped.  Large  spiral  vortices  are  apparent  in  the  shea;  layer 
of  the  annular  Jet  and  other  vortices  are  observed  in  the  central  jet.  Some 
of  these  vortices  are  captured  in  the  photographs  in  Figure  2.  These  vortices 
can  Interact  in  numerous  ways  depending  on  the  Reyn^da^  numbers  of  the  two 
Jets.  For  annulus  velocities  below  1  m/s  (Re  *  — ~~Z~~  "  1250)  the 

recirculation  zone  appears  to  be  laminar.  At  velocities  between  1  and  8  m/s 
(Re  >  10,000),  quasi  periodic  spiral  vortices  are  formed  in  the  shear  layer  of 
the  annular  Jet.  The  size  of  the  spiral  vortices  is  reduced  as  the  velocity 
is  increased.  At  8  m/3  (Re  -  10,000)  a  notable  change  in  the  noise  level 
occurs  and  frequency  randoa  vortex  shedding  is  apparent.  We  believe  the  flow 
transitions  to  fully  developed  turbulence  at  this  point.  A  similar  transition 
from  laminar  to  turbulent  flow  was  noted  in  the  central  jet.  It  appeared 
laminar  for  velocities  below  1  m/a  and  transitioned  to  turbulent  flow  at  about 
8  m/a.  Figure  5  shows  the  dynamic  events  occurring  in  a  horizontal  plane  37 
mm  above  the  nozzle  face. 

IVb.  Combusting  Flow 

Flow  Field  Description.  The  first  photograph  in  Figure  6  shows  a 
flame  stabilized  on  the  bluff  body  face  where  the  annulus  velocity  is  1  m/s 
and  the  central  Jet  propane  velocity  is  0.5  m/s.  The  second  photograph  shows 
a  laser  sheet-lit  view  of  the  same  flame  taken  with  an  optical  filter  to 
eliminate  light  from  sources  other  than  the  laser.  The  Hie  scattered  light 
from  the  soot  and  TIO2  particles  cloarly  show  the  laminar  structure  of  the 
flame.  The  central  jet  is  identified  by  a  bright  jet  boundary  aurface. 
Surrounding  the  jet  is  a  bound  toroidal  vortex.  The  vortex  center  is  located 
approximately  20X  of  the  bluff  body  diameter  sbove  the  base.  The  bright 
converging  downstream  structure  is  a  flame  zone  which  is  observed  in  the 
laboratory  to  extend  very  near  to  the  base  of  the  bluff  body.  The  dark  region 
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on  the  right-hand  side  between  jet  surface  and  vortex  ring  shows  an  air 
entrainment  pathway  into  the  recirculation  zone.  In  high  speed  movies,  such 
entrainment  pathways  are  observed  to  exist  for  extended  periods  of  time 
compared  to  the  period  of  rotation  of  the  vortex. 

The  third  photograph  in  Figure  6  shows  a  sheet-lit  view  of  non-combusting 
flow  with  propane  and  TiCl^  in  the  central  jet  and  the  same  inlet  conditions 

as  the  combusting  case.  In  contrast  to  the  exothermic  flow,  the  cold  flow  is 

in  a  transition  state  with  active  vortex  shedding  from  the  bluff  body. 
Comparison  of  the  cold  flow  structure  with  that  of  the  hot  flow  confirms  that 

the  latter  flow  is  strongly  affected  by  combustion  laminarlzatlon  due  to  the 

lcrge  increase  in  kinematic  viscosity  at  higher  temperature  (approximately  a 
factor  of  10). 

Figure  7  shows  a  propane  flame  with  a  central  jet  velocity  of  4  m/s  and 
an  annulus  air  velocity  of  1  m/s.  With  this  increase  in  velocities,  the  flame 
exhibits  a  tower-like  structure  created  by  a  train  of  large  amplitude 
interfacial  waves  developed  in  the  mixing  layer  between  the  recirculation  zone 
and  the  annulus  air.  These  waves  are  prematurely  terminated  at  the  tip  of  the 
recirculating  wake  before  they  mature  into  spiral  vortices.  The  center 
photograph  in  Figure  7  is  a  laser  sheet-lit  view  which  reveals  the  interior 
structure  of  this  flame.  The  irregular  arrangement  of  structures  in  the  wake 
and  upper  portion  of  the  central  jet  indicate  that  both  the  wake  and  jet  are 
in  a  transition  state.  The  third  photograph  shows  the  non-combusting  case 
with  the  propane  and  TiCl^  in  the  central  jet.  Comparison  between  combusting 
and  noncombusting  cases  again  demonstrates  the  strong  laminarization  effect 
Induced  by  combustion. 

V.  RECOMMENDATIONS  AND  CONCLUSIONS 

Laser  sheet-lighting  the  product  of  a  chemical  reaction  combined  with 
photography,  especially  high-speed  movies,  is  shown  to  be  a  very  valuable  tool 
in  the  study  of  a  bluff  body  combustor.  In  contrast  to  seeding  the  upstream 
flow  with  particles  for  visualization,  sheet-lighting  the  product  of  a  fast 
chemical  reaction  in  the  flow  field  provides  a  view  of  the  mixing  processes 
and  how  the  product  and  air  species  are  transported.  The  TiCl^  water  vapor 
reaction  proved  to  be  an  excellent  choice  for  use  in  this  new  program. 
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In  this  study,  three  primary  modes  of  operation  of  the  combustor  with 
their  characteristic  flow  structures  are  identified.  These  modes  are  a  highly 
dominant  annular  jet  mode,  a  highly  dominant  central  jet  mode,  and  an 
Intermediate  mode  where  the  central  jet  penetrates  the  recirculation  zone  of 
the  bluff  body  Jntermittenly.  Measurements  of  the  central  jet  stagnation 
point  normalized  by  the  aft  stagnation  point  of  the  recirculation  zone  are 
found  to  correlate  with  the  ratio  of  central  jet  to  annular  jet  velocity  for 
the  cold  flow  cases.  Thus,  the  jet  velocity  ratio  is  found  to  be  one  of  the 
parameters  which  can  be  used  to  characterize  the  time  average  flow  field  of  an 
operating  mode. 

The  dynamics  of  large  vortex  structures  appears  to  play  a  governing  role 
in  mass  transport  and  mixing  in  all  of  the  flows  studied.  Vortex  shedding 
from  the  bluff  body  appears  to  be  a  primary  mechanism  of  mass  exchange  between 
the  recirculation  zone,  annuluar  jet,  and  downstream  region  for  the  cold  flow 
cases.  The  high  speed  movies  reveal  that  the  flow  fields  are  not  axisymmetrlc 
and  steady,  but  rather,  highly  three-dimensional  and  unsteady  in  terms  of  the 
dynamic  evolution  of  large  scale  vortical  structures.  In  combusting  flows,  a 
strong  laminarizatlon  effect  due  to  heat  release  with  consequent  increase  in 
kinematic  viscosity  was  observed.  This  effect  appears  to  prevent  vortex 
shedding  from  the  bluff  body  for  the  flow  rate  range  of  this  study. 

The  success  of  this  sheet-lighting  visualization  technique  combined  with 
high  speed  cine  photography  in  this  study  opens  up  a  wide  range  of  possibili¬ 
ties  for  future  studies.  A  few  of  these  possibilities  include:  the  study  of 
the  effect  of  blockage  ratio  on  combustor  operating  modes  and  flow  field 
dynamics,  the  study  of  ducted  versus  unducted  flows,  and  a  study  correlating 
the  visualization  of  vortex  dynamics  recorded  in  high  speed  movies  with  the 
results  of  simultaneous  measurements  made  with  advanced  diagnostic  techniques 
such  as  laser  Doppler  anemometer  and  coherent  anti-Stokes  Raman  spectroscopy. 
The  prospects  of  acoustically  driving  the  flow  and  using  a  sheet-lit  laser 
strobe  for  conditional  sampling  seems  another  attractive  possibility. 
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Figure  1.  Illustration  of  the  experimental  set-up. 
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Figure^  Location  of  the  forward  stagnation  point  for  different  velocity 
ratios. 


740— 1 8 


*s*H'S* 


i  «i..i 


i4*>  :i:j*rV: 


\5SWBa 


tz&tt 


■&  f£r 


Figure  6,  Photographs  for  an  annulus  velocity  of  2  m/%  and  a  central  jet 
(propane  ♦  TICI4  vapor)  velocity  of  0.5  m/%  of;  left  to  right:  the  flame 
sheet  lit  flame,  sheet  lit  non-combusting  flow. , 
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Figure  7  Photograph*  For  an  annulus  velocity  of  4  m/s  and  a  central  jet 
(propane  mixed  with  TICI4  vapor)  velocity  of  1  m/s  of;  left  to  right:  the 
flame,  sheet  lit  flame,  sheet  lit  non-combusting  flow. 
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ABSTRACT 


The  function  of  acetylcholine  as  a  neurotransmitter  of  cerebellar 
mossy  fibers  was  investigated  using  a  subcellular  fractionation  proce¬ 
dure.  The  synthetic  and  degradative  enzymes  for  acetylcholine  were 
present  In  a  purified  fraction  of  mossy  fiber  terminals  or  glomeruli; 
however,  no  enrichment  was  found.  Studies  of  choline  uptake  revealed 
thepresence  of  a  high-affinity  transport  system  in  the  glomerular 
fraction.  This  choline  uptake  system  exhibited  a  Kt  of  1.1  wM  and  a 
vmax  of  pmol/mln/mg  protein.  Uptake  was  Na+  dependent,  inhibited 
by  hemicholinium-3,  and  could  be  distinguished  from  homoexchange.  On 
the  basis  of  the  presence  of  CAT,  AChE,  and  especially  high-affinity 
choline  uptake  in  the  purified  glomerular  preparation.  It  was  concluded 
that  some  fraction  of  the  mossy  fibers  Is  cholinergic. 
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Introduction 

The  function  of  acetylcholine  (ACh)  as  a  neurotransmitter  of  mossy 
fibers  in  the  cerebellum  is  an  unresolved  issue.  The  mossy  fibers 
are  one  of  the  two  sources  of  afferent  input  to  this  tissue  and  ter¬ 
minate  in  a  large  glomerular  synaptic  structure.  In  some  early 
studies,  histochemical  staining  for  acetylcholinesterase  { AChE ) 
showed  this  enzyme  to  be  localized  in  a  subpopulation  of  mossy  fiber 
terminals  »  .  However,  concurrent  physiological  studies  indicated 
that  it  was  unlikely  that  ACh  was  a  transmitter  of  the  mossy  fibers2. 
Still  other  physiological  investigations  supported  ACh  as  a  potential 
mossy  fiber  transmitter4.  Using  biochemical  techniques,  choline 
acetyl  transferase  (CAT)  activity  was  shown  to  be  localized  in  the 
granular  layer  of  the  cerebellum5,  the  layer  containing  the  mossy 
fiber  terminals.  Further  biochemical  studies  have  shown  that  CAT 
co-localizes  with  AChE  and  that  both  enzymes  are  significantly  re¬ 
duced  by  deafferentatlon5. 

A  favored  technique  in  investigating  mossy  fiber  neurochemistry 
has  been  subcellular  fractionation.  The  large  size  of  the  mossy 
fiber  terminal  enhances  the  ability  to  isolate  the  synaptic  glomerulus 
by  differential  centrifugation.  In  initial  subcellular  fractionations 
of  cerebellum,  ACh7  and  CATS  were  enriched  in  fractions  containing  the 
mossy  fiber  glomeruli.  However,  subsequent  reports  of  more  extensive 
fractionations,  yielding  purer  f:  actions  of  mossy  fiber  terminals,  in¬ 
dicated  no  enrichment  of  CAT  activity  in  these  fractions5* 

In  contrast  to  this  finding,  Kan  et,aj_.J3  reported  the  immunohisto- 
chemical  localization  of  CAT  in  mossy  fibers.  Thus,  while  there  is 
some  evidence  to  suggest  that  ACh  may  be  a  transmitter  of  the  mossy 


fibers,  there  are  conflicting  reports  which  render  the  issue  unclear. 

The  cerebellum  plays  a  pivotal  role  In  motor  control  and  coordi¬ 
nation.  An  enhancement  of  cerebellar  function  may  produce  a  direct 
enhancement  of  motor  activity.  In  this  light,  the  U.S.  Air  Force 
has  a  continuing  interest  in  understanding  cerebellar  function.  The 
pilot-cockpit  interphase  is  highly  dependent  upon  motor  coordination. 
An  understanding  of  cerebellar  function  may  lead  to  ways  to  improve 
this  function  and  result  in  an  enhancement  of  motor  coordination  and 
pilot  performance. 

The  author  of  this  report  has  nine  years  of  neurochemical  research 
experience.  Much  of  the  work  performed  during  this  period  involved 
cholinergic  mechanisms  in  the  CNS.  My  continuing  Interests  have  been 
the  identification  of  cholinergic  cells  in  the  CNS,  particularly  the 
cortex,  and  an  Investigation  of  the  properties  of  ACh  metabolism  by 
these  cells.  These  interests  proved  very  compatible  with  the  Air 
Force's  interest  in  understanding  cerebellar  function  and  resulted 
in  the  research  project  described  herein. 

II.  Objectives 

The  overall  objective  of  this  research  project  was  to  evaluate  the 
role  of  ACh  as  a  neurotransmitter  of  cerebellar  mossy  fibers.  Identi 
fication  of  the  transmitter  compounds  used  by  individual  neurons  is 
basic  to  an  understanding  of  the  function  of  any  area  of  the  CNS. 

The  cerebellar  cortex  offers  some  advantage  in  this  regard  because 
of  the  relatively  small  number  of  cell  types  It  contains.  The  iden¬ 
tification  of  -.he  transmitters  used  by  various  neurons  in  the  cere¬ 
bellum  would  clearly  contribute  to  a  better  understanding  of  cere¬ 
bellum  operation.  Furthermore,  knowledge  of  the  transmitter 
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compounds  may  lead  to  a  mechanism  for  Improving  cerebellar  function. 
Toward  this  end,  the  present  study  was  undertaken  In  an  effort  to 
resolve  the  question  of  whether  ACh  Is  a  transmitter  of  one  class  of 
afferent  processes  to  the  cerebellum,  the  mossy  fibers. 

III.  Approach 

A  critical  aspect  of  the  approach  implemented  in  this  Investigati 
was  the  utilization  of  a  highly  purified  preparation  of  mossy  fiber 
glomeruli.  Or.  David  Terrian  of  Brooks  AFB  has  developed  a  sub- 
cellular  fractionation  procedure  for  the  preparation  of  a  fraction 
of  mossy  fiber  glomeruli.  The  details  of  this  subcellular  frac¬ 
tionation  procedure  will  not  be  discussed  here;  however,  greater 
than  95X  of  the  material  in  the  final  fraction  is  glomerulus  parti¬ 
cles.  Or.  Terrian  kindly  provided  the  subcellular  fractions  of 
cerebellar  tissue  (bovine)  used  in  this  project  and  was  a  valuable 
collaborator  in  the  performance  of  this  work. 

The  approach  utilized  in  this  study  was  to  determine  the  level 
of  cholinergic  marker  enzymes,  CAT  and  AChE,  in  cerebellar  subfrac¬ 
tions.  The  activity  of  both  enzymes  was  assayed  according  to  pre¬ 
viously  published  radiometric  procedures*4, *5.  in  this  way,  the 
co-enrichment  of  cholinergic  markers  with  the  mossy  fiber  glomeruli 
was  investigated.  In  addition,  the  hlgh-afflnlty  uptake  of  choline 
was  investigated  In  the  purified  glomerular  fraction.  Choline  up¬ 
take  experiments  were  performed  essentially  as  described  by  Maleque 
et  ah 16  using  trltiated  choline.  Hlgh-afflnlty  choline  uptake  has 
been  Indicated  as  a  specific  marker  of  cholinergic  nerve  terminals. 
Thus,  choline  uptake  by  the  glomerular  fraction.  In  conjunction  with 
the  subcellular  distribution  of  CAT  and  AChE,  was  used  toassess 
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the  potential  cholinergic  nature  of  cerebellar  mossy  fibers. 

Results 

A.  Subcellular  distribution  of  CAT  and  AChE 

The  subcellular  fractionation  procedure  used  resulted  in  the 
production  of  seven  major  subcellular  fractions.  The  initial 
homogenate  of  bovine  cerebellar  tissue  was  filtered  several  times 
to  obtain  a  filtrate  fraction.  A  pellet  corresponding  to  the 
nuclear  fraction,  and  containing  the  mossy  fiber  glomeruli,  was 
obtained  by  centrifugation  of  the  filtrate.  Subsequent  differen¬ 
tial  centrifugation  of  the  nuclear  fraction  in  Fi col  1  resulted 
in  the  production  of  a  crude  mitochondrial  pellet  and  a  super¬ 
natant  fraction  which  contained  the  glomer<lus  particles.  The 
supernatant  fraction  was  washed  and  pelleted  to  yield  the  crude 
gomerular  fraction.  The  crude  glomerular  fraction  was  sub¬ 
fractionated  on  sucrose  gradients  to  yield  a  fraction  of 
medullated  fibers  and  the  purified  glomerular  fraction. 

The  activities  of  CAT  and  AChE  in  the  initial  homogenate 
of  cerebellum  and  the  subcellular  fractions  are  presented  in 
Table  I.  The  level  of  both  enzymes  in  the  homogenate  is  con¬ 
sistent  with  established  values  for  cerebellar  tissue.  The 
enzyme  CAT,  which  is  considered  a  highly  specific  marker  of 
cholinergic  terminals,  showed  no  enrichment  in  the  purified 
glomerular  fraction  in  comparison  to  the  initial  homogenate. 

Also,  none  of  the  intermediate  fractions  containing  the  glomerulus 
particles  (filtrate,  nuclear,  supernatant  and  crude  glomerular) 
showed  any  enrichment  of  CAT.  The  enzyme  AChE  is  a  less  specific 
marker  of  cholinergic  terminals  than  CAT.  The  purified  glomerular 


fraction  exhibited  only  a  slight  enrichment  of  AChE,  and  the 
intermediate  fractions  containing  the  glomerulus  particles 
showed  no  consistent  pattern  of  AChE  enrichment.  These  find¬ 
ings  for  both  enzymes  are  in  agreement  with  previously  publish¬ 
ed  results^'^. 

The  previous  interpretation  given  to  the  lack  of  enrichment 
of  CAT  and  AChE  in  purified  glomerular  preparations  was  that  this 
eliminated  the  possiblity  of  ACh  as  a  transmitter  of  the  mossy 
fibers.  However,  while  CAT  and  AChE  are  not  enriched  in  the 
glomerular  fraction,  both  enzymes  are  certainly  present.  Possi¬ 
ble  neurochemical  heterogeneity  of  glomerulus  particles  in  com¬ 
bination  with  the  level  of  recovery  and  even  the  possibility 
of  differential  recovery  of  various  neurochemical  types  must  be 
considered.  These  considerations  appear  to  warrant  a  different 
interpretation.  Thus,  a  more  accurate  conclusion  from  the 
present  findings  would  be  that  they  do  not  provide  stronge  sup¬ 
port  for  ACh  as  a  neurotransmitter  of  the  mossy  fiber;  however, 
the  findings  are  not  completely  negative. 

B.  Uptake  of  choline  by  the  purified  glomerular  fraction 

High-affinity  choline  uptake  was  Investigated  in  the  puri¬ 
fied  glomerular  fraction  as  anothermeans  of  assessing  the 
presence  of  cholinergic  terminals.  As  shown  in  Fig.  1,  the 
glomerular  fraction  accumulated  ^-choline  and  the  level  of 
uptake  was  dependent  on  protein  concentration  (the  lines  in 
all  figures  were  determined  by  linear  regression).  This  uptake 
was  determined  at  a  choline  concentration  (0.1  yM)  which  is  well 
within  the  range  of  high-affinity  choline  uptake  reported  for 
other  cholinergic  preparations.  At  the  same  concentration  of 

141-9 


labelled  choline,  uptake  remained  linear  for  at  least  30  min 
(Fig. 2).  Thus,  the  glomerular  fraction  exhibited  choline  uptake 
at  low  concentrations  of  choline,  uptake  was  dependent  on 
glomerular  fraction  protein  concentration  and  was  linear  with 
time. 

The  level  of  choline  uptake  was  determined  at  different  choline 
concentrations.  Uptake  increased  as  the  concentration  of  labelled 
choline  increased  (Table  II).  The  data  presented  in  Table  II  was 
analyzed  via  a  Lineweaver-Burke  double  reciprocal  plot  to  deter¬ 
mine  the  kinetic  constants  of  uptake.  As  shown  in  Fig.  3,  choline 
uptake  by  the  purified  glomerular  fraction  had  a  Kt  of  1.1  uM  and 
a  Vmax  of  5.46  pmol/min/mg  protein.  These  values  correspond  well 
with  the  kinetic  constants  of  high-affinity  choline  uptake  deter¬ 
mined  in  various  cholinergic  systems. 

While  the  above  mentioned  features  of  choline  uptake  by  the 
glomerular  fraction  support  the  existence  of  a  specific  high- 
affinity  choline  transport  system  in  this  preparation,  other  pro¬ 
perties  of  neurotransmitter-related  high-affinity  choline  trans¬ 
port  in  nervous  tissue  have  been  characterized.  These  include  a 
dependence  on  Na+  ions  and  select  inhibiton  by  the  compound 
hemichol inium-3.  Hence,  the  effects  of  reduced  Na+  concentration 
and  hemicholinium-3  on  choline  uptake  by  the  purified  glomerular 
fraction  was  investigated.  Uptake  was  significantly  inhibited 
by  hemichol inium-3  (Table  III).  A  5  pM  concentration  of  this 
compound  reduced  uptake  by  79X,  and  a  higher  concentration  pro¬ 
duced  further  inhibition.  In  experiment  II  (Table  III),  the  Na+ 
concentration  was  reduced  from  the  normal  value  of  118  mM  to  32 
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t-'lg.  2.  Time  dependence  of  choline  uptake  by  the  purified  glomerular 
fraction.  0.35-0.77  mg  of  glomerular  fraction  protein  was  incubated 
with  0.1  uM  choline  for  the  indicated  time  periods. 
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Table  II.  Kinetics  of  Choline  Uptake  by 
the  Purified  Glomerular  Fraction 


chol ine 

concentration  (yM) 

choline  uptake 
(pmol/min/mg) 

0.05 

0.24  +  0.04 

0.10 

0.45  +  0.06 

0.50 

1.67  +  0.34 

1.00 

2.80  +  0.31 

5.00 

7.50  +  1.40 

25.00 

23.17  +  5.20 

ft 


V 
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a  All  samples  were  incubated  with  0.1  uM  -^H-choline  for  5  min. 
b  Purified  glomerular  fraction  was  preincubated  with  hemicholinium-3. 
c  Purified  glomerular  friction  was  preincubated  with  reduced  Na+. 
d  Purified  glomerular  fraction  was  postincubated  with  unlabelled  choline. 


and  0  mM  by  replacement  with  equimolar  amounts  of  sucrose.  At 
32  mM  Na+,  a  significant  reduction  in  choline  uptake  was  observed. 
Greater  than  502  of  the  uptake  was  inhibited  In  Na+-free  medium. 

A  complicating  factor  in  the  characterization  of  high-affinity 
choline  uptake  in  other  areas  of  nervous  tissue  has  been  the 
presence  of  a  homoexchange  mechanism.  Homoexchange  is  clearly 
distinct  from  high-affinity  uptake  in  that  it  results  in  no  in¬ 
tracellular  accumulation  of  choline,  it  Isa  direct  exchange  of 
intracellular  choline  for  extracellular  choline.  Choline  entering 
the  cell  via  homoexchange  is  thought  to  reside  in  a  different  pool 
from  that  entering  via  high-affinity  uptake.  Choline  in  the  homo¬ 
exchange  pool  can  be  flushed  or  turned  over  by  replacement  with 
extracellularly  derived  choline.  The  contribution  of  homoexchange 
to  the  total  choline  uptake  In  the  purified  glomerular  fraction 
was  Investigated.  Aliquots  of  the  glomerular  fraction  were  In¬ 
cubated  with  3H-chol1ne  to  load  them  with  label.  These  aliquots 
were  then  postlncubated  with  excess  unlabelled  choline  to  turnover 
or  flush  exchangeable  Intracellular  label.  As  shown  In  Table  III 
(experiment  III),  a  significant  portion  of  the  choline  contained 
by  the  glomerulus  particles  was  exchangeable.  However,  with  post- 
incubatlon  In  Increasing  amounts  of  unlabelled  choline,  the 
amount  of  labelled  choline  exchanged  plateaued.  This  was  reached 
at  a  level  of  approximately  592  of  the  total  H-chollne  content. 
Thus,  a  significant  fraction  was  also  not  exchangeable  and  re¬ 
mained  within  the  glomerulus  particles.  This  fraction,  greater 
than  402,  appears  to  correspond  to  accumulation  via  a  hlgh-afflnlty 
choline  transport  system. 


On  the  basis  of  these  results,  the  purified  glomerulus 
particles  contain  a  high-affinity  uptake  system  for  choline.  This 
uptake  system  has  a  of  1.1  uM  and  a  Vmax  of  5.46  pmol/min/mg. 

The  uptake  system  is  inhibited  by  hemicholinium-3  and  dependent 
on  Na+  ions.  A  choline  homoexchange  system  also  exists  in  the 
glomerulus  particles.  Choline  uptake  by  the  high-affinity  trans¬ 
port  system  can  be  distinguished  from  homoexchange.  Greater  than 
40X  of  the  total  choline  uptake  corresponded  to  specific  high- 
affinity  transport. 

Recommendations 

The  overall  conclusion  from  this  project  is  that  it  is  highly 
likely  that  ACh  is  a  transmitter  of  some  mossy  fibers  in  bovine 
cerebellum.  Even  though  no  enrichment  of  CAT  or  AChE  was  found 
in  the  purified  glomerular  fraction,  significant  amounts  of  both 
enzymes,  comparable  to  the  crude  homogenate,  were  present.  This 
emphasizes  the  possibility  that  the  mossy  fibers  may  have  hetero¬ 
geneous  transmitter  chemistry  and  that  some  fraction  is  cholinergic. 
While  the  result  from  the  subcellular  distribution  of  CAT  and  AChE 
must  be  viewed  simply  as  not  eliminating  the  possibility  of  ACh 
as  a  transmitter  of  the  mossy  fibers,  the  identification  of  a 
high-affinity  uptake  system  for  choline  provides  strong,  if  not 
conclusive,  evidence  of  cholinergic  function.  High-affinity  choline 
uptake  has  been  tauted  as  a  highly  specific  marker  for  cholinergic 
terminals.  Thus,  on  the  basis  of  the  presence  of  CAT,  AChE,  and 
especially  high-affinity  choline  uptake  in  the  purified  glomerular 
fraction,  it  is  concluded  that  some  fraction  of  the  mossy  fibers 


While  the  described  results  strongly  support  the  conclusion 
reached,  this  conclusion  cannot  yet  be  viewed  as  unequivocal. 


There  are  several  additional  experiments  which  would  act  to 
confirm  the  stated  conclusion.  These  experiments  are  given  as 
the  following  recommendations: 

(1)  Detennlne  the  distribution  of  ACh  itself  in 
cerebellar  subcellular  fractions. 

(2)  Investigate  the  releaseabllity  of  label  under 
physiological  conditions  from  purified  glomerulus 
particles  after  3H-choline  uptake. 

(3)  Verify  the  identity  of  releaseable  label  as 
being  ACh. 

These  immediate  recommendations,  which  would  confirm  the  overall 
conclusion  of  this  project,  represent  part  of  the  basis  for  follow- 
on  research  in  the  form  of  a  Research  Initiation  Grant.  These  ex¬ 
periments,  as  well  as  unfinished  experiments  from  a  second  project 
described  in  the  accompanying  final  report,  will  be  proposed  in 
a  subsequent  Research  Initiation  Grant. 

In  conclusion,  the  present  results  of  this  project  provide 
strong  support  for  ACh  as  a  transmitter  of  cerebellar  mossy  fibers 
and  the  immediate  recommendations  would  establish  this  unequivo¬ 
cally.  As  a  long  range  recommendation,  it  Is  suggested  that 
electron  microscopic  Immunohlstochemical  localization  of  CAT  In 
the  purified  glomerular  fraction  would  allow  a  determination  of 
the  percentage  of  mossy  fibers  that  are  cholinergic. 
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ABSTRACT 


The  imaginary  part  o-f  the  complex  susceptibility  -from  millimeter 
to  infrared  and  beyond  has  been  studied  extensively  because  of 
its  association  with  the  absorption  spectra.  However,  the  recent 
trend  of  computing  the  dispersion  has  developed  the  need  for  the 
real  part  of  the  susceptibility  as  well.  This  report  partially 
answers  this  need  by  proposing  an  approximate  unified  real  part 
expression  with  the  line  coupling  term  included  for  the  use  in 
both  millimeter  and  infrared  regions.  The  approach  is  to  examine 
the  two  limiting  forms  in  the  millimeter  and  infrared  regions, 
obtained  through  the  Kramers-Kroni g  relationship,  from  the  res¬ 
pective  approximate  imaginary  parts  in  those  regions.  Then  the 
two  profiles  were  bridged  by  observing  the  transition  from  one 
range  to  the  other.  The  accuracy  of  the  proposed  function  was 
numerically  checked  using  a  newly  obtained  series  expression  for 
the  exact  real  part,  and  was  shown  to  be  excellent  in  the 
vicinity  of  the  line  center  where  the  real  part  is  nontrivial. 
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I.  Introductions 

The  imaginary  part  of  the  complex  susceptibility  has  been 
studied  extensively  in  conjunction  with  the  radiation  and  absorp¬ 
tion  spectra  among  other  applications.  There  is  a  large  accu¬ 
mulation  of  knowledge  on  functional  forms  of  the  imaginary  part 
and  their  characteristics.  Recent  advances  in  spectral  theory 
and  measurement  techniques  prompted  the  need  for  the  real  part  of 
the  susceptibility,  which  is  related  to  the  dispersion  in  a 
similar  manner  as  that  of  the  imaginary  part  to  the  absorption. 
It  is  known  that  the  real  and  imaginary  parts  of  the  complex 
susceptibility  are  related  by  the  Kramer s-Kr on i g  relationship 
through  the  Hilbert  transform  (Van  Vleck  1977).  Simply,  what  we 
need  to  acomplish  is  to  find  a  functional  form  of  the  real  part 
that  corresponds  to  the  known  imaginary  part  via  this  rela¬ 
tionship.  However ,  one  point  to  be  made  is  that  previous  studies 
dealt  with  this  subject  either  from  the  millimeter  (MM)  wave  or 
infrared  (IR)  wave  perspective  but  not  in  the  unified  manner  (for 
example,  Kemp  197a,  Marshall  197S,  and  Liebe  1981). 

Our  strategy  will  be  to  start  with  the  MM  wave  case  and  then 
to  move  on  to  the  IR  case.  We  introduce  several  approximations 
for  the  IR  case  to  simplify  the  computation.  Then  the  two  re¬ 
sults  will  be  bridged  together  by  introducing  a  new  real  part 
function.  The  proposed  function  will  be  shown  to  reduce  to  the 
two  extreme  cases  by  taking  proper  limits. 

We  use  the  Van  Vleck-Huber  line  shape  function  (Huber  1966, 
and  Van  Vleck  1977)  with  the  line  coupling  (Rosenkrantz  1975) 
here.  It  is  noted  that  it  is  important  to  incorporate  the  zero- 
sum  rule  of  the  line  coupling  terms  (Balanger  1959).  However,  we 
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will  show  that  as  long  as  one  keeps  the  complete  expression, 
correct  results  can  be  obtaind  even  -for  a  single  line  without 
using  the  zero-sum  rule. 

Ultimate  justification  of  the  proposed  real  part  would  be 
the  numerical  comparison  with  the  exact  expression.  However, 
because  the  closed  form  of  the  exact  real  part  is  not  available, 
we  derived  an  infinite  series  representation.  The  obtained 
series  expression  was  used  successfully  in  the  numerical 
validation  of  the  proposed  real  part. 
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II.  Qbj.ecti.ye: 

The  main  objective  of  this  project  is  to  propose  and  vali¬ 
date  a  unified  approximate  real  part  of  the  complex  suscepti¬ 
bility.  For  this  end,  we  pose  the  following  specific  objectives; 

(1)  To  obtain  an  approximate  real  part  for  the  MM  wave  region 
using  the  corresponding  approximate  imaginary  part  and  the 
Hilbert  transform  as  explained  above. 

(2)  To  repeat  <1)  for  the  IR  region. 

(3)  To  propose  a  unified  real  part  for  the  entire  frequency 
range  using  the  results  in  (1)  and  <2> . 

(4)  To  obtain  an  exact  real  part  in  an  infinite  series  form. 

(5)  To  assess  the  accuracy  of  the  proposed  real  part  by 
numerically  comparing  it  with  the  exact  value. 

III,  Van  Vl_eck-Huber  without  (_i_Qg  Cougl.i.ng: 

The  negative  of  the  imaginary  part  of  the  complex  suscepti- 
-1  2 

bility  X"(v)  in  l/(cm  mol /cm  >  at  wave  number  v  (1/cm)  due  to  a 


K 
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transition  at  v  (1/cm)  with  strength  (l/(mol/cm  ))  and  half- 
i  i 

width  a  (1/cm)  can  be  expressed  as  (Huber  1966) 


X"  (v)  =  4?  tanh  (tJv)  cIj  f  (v)  +  5*  f  (-v.  3  , 
n  ii 


(3-’  ) 


where  b  =  hc/2kT  (cm)  with  Plank’s  constant  *  (erg-sec),  speed  of 
light  c  (cm/sec),  Boltzmann  constant  k  (erg/K) ,  and  temperature  T 
(K),  and  f  (v)  is  the  Lorentz  line  shape  function  given  by 


2  2 

f  (v)  =  a  /  x  ( v  -  v)  +  a  >  . 


(3-2) 


This  expression  will  be  refered  to  as  the  Van  Vleck-Huber  line 
shape  here.  First  we  consider  the  MM  wave  region  for  which  the 
result  has  been  known  (Kemp  1978).  Because *5 v  is  small  in  the  MM 
region  (b  =  1/412  at  t  =  296  K) ,  we  have, 


tanh(bv)  =  bv 


(3-3) 


Hence  the  approximate  imaginary  part  becomes 


X"  (v)  !  =  (S  bv/lt)  Cf(v>  +  f(-v>>  . 

MM  i 


(3-4) 


The  corresponding  real  part  X’  (v)  !  will  be  given  by  the  Hilbert 

MM 

transform  HC.J  defined  as  (Baranger  1958) 


r°° 

i(v)3  =  (l/rc>)  a/(u-v>>  g(u)  du  . 


(3-5) 


Using  this, 


X’ (v)  =  hcx" (v) :  j 
MM 


=»  (3  b/Jt)  HC  Cv  f  ( v )  -  a  g(v>>  -  Cv  f  (-v)  -  a  g(-v)>3  ,  (3-6) 

i  i  i  i  i 

where  g(v)  is  given  by 
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v.  V 
s\V 

g(v)  =  (v 

•V 

i 

*  ■  » 

•*v 

n 

The  two  types 

standard  ones  (Bateman  1954).  Using  those  results,  we  arrive  aL 
the  fallowing  expression. 


X’  (v)  !  =  (S  bv  /7C)  C  { (a  /v  )f(v>  +  g(v)> 

MM  i  i  i  i 


+  {(a  /v  )  f  ( —v )  +  g(-v)>3  . 
i  i 


(3-8) 


On  the  other  hand,  -for  the  IR  case  Itanh(bv)!  may  be 
replaced  by  the  unity  since  bv  can  be  assumed  large.  Hence, 


tanh(bv)  =  sgn(v)  , 


(3-9; 


where  the  signum  function  sgn(v>  takes  the  value  1 <  —  1 )  if  the 
argument  v  is  posi t i ve (negat i ve) .  Then  X" <v)  becomes 


■v'  V 


X"(v)!  =  (S  /7t>  sgn(v)  {f  (v)  +  f(-V)>  . 

IR  i 

For  this,  we  have 


(3-10) 


p 


X’  (v)  !  =  HEX" (v) !  I 

IP  IR 

~  2  -1 

»  <2S  /H  )  tan  (v  /a  )  {g(v>  ♦  g(-v)> 
i  i  i 

_  2  2  2  2 

+  <S  /  ft  >  log  C  (v  +a  ) /v  I  -Cf  (v)  +  f  (~v>>  .  (3-11) 

i  e  i  i 

Using  the  IR  approximation  v  /a  >>  1,  and  if  we  assume 

i  i 

v  -  v  ,  this  equation  may  be  simplified  as 
i 

X’ (v) !  =  (s’ /*>  Cg(v)  +  g(-v)>  .  (3-12) 

IR  i 

It  is  interesting  to  note  that  Eq.  (3-12)  can  also  be 
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obtained  -from  the  following  approximation 


X”(v)i  »  <S  /*>  <f(v)  -  f(-v>>  .  (3-13) 

IR2  i 

The  fact  that  this  is  a  good  approximation  for  X"!  in  Eq.  (3- 

IR 

10)  can  be  seen  by  recognizing  the  negligible  contribution  of 
f <v)  in  negative  v  range  and  the  same  of  f <-v)  in  positive  v 
range.  The  obvious  advantage  of  this  function  is  the  non¬ 
existence  of  the  discontinuity.  The  more  significant  issue  here 
is  that  Eq.  (3-13)  would  have  been  one  of  the  equivalent  forms  of 
Eq.  (10)  if  the  Lorentz  function  f (v)  would  have  satisfied  the 
fractuation  dissipation  theorem  (Kubo  1966), 

-2b  v 

f ( -v )  =  e  f  (v)  .  (3-14) 


Examining  two  results,  Eqs.  (3-3)  and  (3-12),  w?  now  propose 
the  following  real  part  of  the  susceptibility  for  the  use  in  both 
MM  and  IR  region. 

X’  (v)  =  (S  /ft)  tanh (bv  )  C£g(v)  •>  (a  /v  )f(v)J 
pi  i  i  i 

+  -Cg(-v)  +  (a  /v  ) f  ( — v)J3  .  (3-15) 

i  i 

It  can  easily  be  shown  that  this  result  reduces  to  the  MM  result, 

Eq.  (3-3),  by  letting  'bv  small.  Similarly  the  IR  result, 

i 

Eq.  (3-12),  can  be  obtained  by  taking  bv  large  and  a  /v  small. 

i  i  i 

The  consistency  of  the  proposed  function  can  also  be  shown  by 
taking  the  inverse  Hilbert  transform  and  to  compare  the  result 
with  the  original  imaginary  part.  For  this  we  compute 
-1 

x"  (v)  =  h  rx’  (v>:  =  -  h  cx'  (v)3 
p  p  p 
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«  (‘bv/b’v  )  tanh&v  )  <S  /%)  if  <v)  +  f(-v>3  .  <3-16) 
i  i  i 

The  MM  case  can  trivially  be  obtained  by  using  the  approx imation 
in  Eq.  (3-3).  The  IR  case  also  be  checked  by  using  Eq.  (3-9)  and 
by  setting  v/v  =  1  in  Eq.  (3-16). 


XV.  Van  Weck^Huber  wi.th  Li_ne  Coughing: 

In  the  MM  region  it  has  been  recognized  that  the  line 
coupling  term  is  necessary  in  order  to  obtain  accurate  absorption 
spectra.  This  correction,  translated  to  the  imaginary  part  of 
the  susceptibility,  can  be  expressed  as  (Balanger  1938) 


X"  (v)  =  <S  /n)  tanh(bv)  Cf  (v>  +  r  g(v)  +  f  <-v>  +  r  g(-v)>  , 
c  i  i  i 

(4-1) 

where  r  is  the  line  coupling  coefficient  which  is.  subject  to  the 
i 

■following  constraint  called  the  zero-sum  rule  in  this  work. 


Z  s  r  =  0  .  (4-2) 

4  i  i 

Again  we  start  -from  the  MM  renge  where  Eq.  (3-3)  is  valid.  Hence 


(S  bv/ff) 
i 


if  (v)  +  r  g  (v)  +  f  (~v) 
i 


r  g(-v)>  , 
i 

(4-3) 


and 


£  X’  (v)  !  =  HE  T  X"  (v) !  3 

L  c  MM  k  c  MM 

=  (b/fl)  HC  -  21  s'  r  +  I((v  +r  a  >f(v)  -  (a  -r  v  )g(v)> 
c  i  i  L  iii  iii 

+  IS  r  -  £{<v  +r  a  )-f(-v)  -  (a  -r  v  )g(-v)>3  . 
t  i  i  L  i  i  i  iii 


(4-4) 


Note  that  the  summation  is  explicitly  taken  in  this  equation  and 
that  the  Hilbert  transform  of  the  entire  sum  is  taken  for  the 
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proper  treatment  o f  the  zero-sum  rule.  We  now  can  use  the  zero- 

sum  rule  to  eliminate  two  terms  -£S  r  and  +  £§*  r  in  this 

*>  i  i  t  i  i 

equation.  However,  one  can  immediately  notice  that  those  two 
terms  cancel  each  other  regardless  of  their  values.  This  is 
significant  because  it  indicates  that  we  can  drop  the  summation 
■from  Eq.  <4-4)  and  consider  the  Hilbert  transform  of  a  sigle 
line,  Eq.  (4-1),  at  a  time.  In  effect,  we  have  shown  that  the 
line  profile  in  Eq.  (4-3)  is  equivalent  to  the  following  one. 


X"  (v)  :  -  (S  b/7l)  CC(v  +  r  a  )f(v>  -  (a  -  r  v  5g(v)l 

c  MM  i  iii  iii 

-  C(v  +  r  a  >f (-v)  -  (a  -  r  v  )g(-v)3J  .  (4-5) 

iii  iii 

Thus  we  drop  the  summation  from  Eq.  (4-4)  and  proceed. 

X'  (v)  !  =  HC  X "  (v)  !  ] 


C  MM  c  MM 

=  (S  b/Tl)  C  C  (v  +  r  a  )f  (v>  -  (a  -  r  v  >g(v)> 
i  iii  iii 

-  C(v  +  r  a  ) f  <— v  >  -  (a  -rv  >g(-v)J3  .  (4-6) 

iii  iii 

The  validity  of  this  result  can  be  checked  by  taking  the  inverse 
Hilbert  transform  and  seeing  the  agreement  with  Eq.  (4-3) . 

Now  for  the  IR  region,  we  again  use  the  approximation  in 
Eq.  (3-13)  for  the  line-coupled  imaginary  part.  Thus  we  have 

X"  <v):  =  <S  /*>  C C f ( v ) +r  g(v)3  -  Cf,-v)+r  g(-v)]>.  (4-7) 


c  IR 

The  corresponding 
be  evaluated  as 


i  i 

part  X’  (v) !  =  HEX"  (v) !  1  can  easily 

c  IR  c  IR 


X’  (v)  !  =  (S  /*>  Cg(v)-r  f  (v)  -*■  g(-v)-r  f(-v)>  .  (4-8) 

c  IR  i  i  i 
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The  matching  of  Eqs.  (4-6)  and  (4-8) ‘with  the  corresponding  cases 

without  line  coupling  can  be  seen  by  setting  r  =0  in  the 

i 

respective  equations. 

As  in  the  last  section,  we  propose  the  -following  real  part 
for  all  frequencies  through  the  examination  of  two  limits. 

X’  (v) 

cp 

=  <3  /n)  tanh  (*bv  )  £(1  +  r  a  /v  )g(v)  -  (r  -  a  /v  >f(v) 
i  i  iii  iii 

+  ( 1  +  r  a  /v  )g(-v‘  -  <r  -  a  /v  )f(-v>3  .  (4-9) 

iii  iii 


It  is  a  trivial  matter  to  show  that  this  reduces  to  Eq.  (4-6)  as 
the  MM  limit  is  taken.  The  agreement  of  the  IR  limit  can  also  be 
shown  as  before.  Instead,  we  check  the  validity  by  taking  the 

inverse  Hilbert  transform  and  comparing  the  result  with  the 

original  imaginary  part.  For  this  end  we  use  Eq.  (4-9). 

-1 

X"  (v)  =  H  £X’  (v)  1  =  -  HC X ’  (v)  3 

cp  cp  cp 

=  <5  /  v  )  tanh(tiv  )  EC  (a  -  r  v  >g(v>  -  (v  +  r  a  )} 
i  i  i  iii  iii 

-  C(a  -  r  v  )g(-v>  +  (v  +  r  a  )f(-v)>]  .  (4-10) 

iii  iii 

The  MM  limit  can  easily  be  checked  using  the  appro;;  imation  in 

Eq.  (3-3).  On  the  other  hand,  the  IR  appro:; i mat i on  in  Eq.  (3-9), 

namely  tanh(bv  )  =  1,  and  a  /v  =0,  again  gives  the  right  form, 
i  i  i 

V.  E.vact  Real,  Part  and  Numerical.  Qgmgarison: 

First,  we  present  an  exact  expression  for  X' (v)  in  an 
infinite  series  form  which  can  be  obtained  through  the  use  of  a 
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known  Lorentz  expansion  of  the  tanh(.)  function  given  by 
(National  Bureau  of  Standards  1964), 

oO  2  2 

tanh(ffx/2)  *  (4x/TT>  £  l/£x  +  (2k  -  1)  >  .  (5-1) 

k*l 

We  use  this  in  Eq.  (4-1)  to  obtain  the  following 


p*  2  2 

X "  ( v )  =  (2S*  /lb)  Z  Cv/(v  +e(k>  )3 
i  k*l 


where 


£f <v)  *  r  g(v)  +  f  (-v)  r  g(— v)J  , 
i  i 


e  =  (2k  -  1)  /  (2b)  . 


(3-2) 


(5-3) 


The  advantage  of  this  expression  is  that  it  is  strai ghtf orward  to 
obtain  the  Hilbert  transform  of  each  term  in  the  summation.  In 


fact,  the  partial  fraction  expansion  of  the  summand  gives. 


X " ( v )  =  (2S 

oO  2  2 

/fib)  IT  C£2A(k)v/(v  +e(k)  > 

i 

+  C  B  ( k  )  f  ( v ) 

+  A  ( k  )  g  ( v )  3  - 

£B(k)f(-v>  + 

A  ( k )  g  < 

-v)3D 

,  (5-4) 

wi  th 

2  2  2 

2 

2 

2 

.  A ( k )  *  (a  (v 

+a  -e(k>  ) 

+  r  v  (v  +a 

+e  (k ) 

)  3  / 

D  ( k  >  , 

1  i 

i  i 

i  i  i  i 

1 

"V  ->  -> 

4m  4m  4m 

2 

2 

2 

;  B  <  k  )  =  C  v  ( v 

+a  +e(k)  ) 

-  r  a  <v  +a 

-e  ( k ) 

)  3  / 

D  (k)  , 

i 

i  i 

i  i  1  i 

4m 

2  2  2 

2  2 

D(k)  *  (v  +a  -e < k )  )  +  4v  e(k)  .  (3-5) 

i  i  i 

Because  the  summation  converges  absolutely,  the  Hilbert  transform 
and  the  summation  can  be  interchanged  and  we  can  obtain  the 
following  desired  result. 

X’  (v)  =  HCX" <v> 1 
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<2Ss  /*b>  E  C<2A(k)e(k) / (v  *  e(k>  } 

i  *>/ 


+  <B ( k ) g ( v)  -  A  (k )  f  <v)  >  +  <B(k)g(-v)  -  A(k)f(-v)J3  .  (5-6) 


Although  this  series  expression  is  not  suitable  for  repeated  use 

since  it  converges  slowly  at  the  rate  of  1/k,  it  may  be  used  for 

verification  of  the  proposed  real  part. 

This  series  was  coded  together  with  the  proposed  one, 

Eq.  (40),  and  they  were  compared  numerically  for  three  line 

locations  of  10,  412,  and  ) 500  (i/cm)  which  represent  MM,  inter — 

mediate,  and  IR  regions,  respect i vel y .  The  choice  of  412  (1/cm) 

was  mace  because  it  gives  bv  =  1  for  T  *  296  (K) ,  where  neither 

i 

approx imations,  Eq.  (3-3)  and  Eq.  (3-9)  for  tanh(.),  are 
adequate.  Therefore  we  can  evaluate  the  performance  of  the 
proposed  real  part  in  the  intermediate  region.  A  typical  result 
is  given  in  Figure  1. 


VI.  Conclysons  and  Bisgussjansi 

A  unified  approximate  real  part  of  the  susceptibility  over 
the  entire  MM  and  IR  regions  which  corresponds  to  the  Van  Vleck- 
Fuber  line  shape  with  line  coupling  is  proposed.  The  function 
was  obtained  through  careful  examination  of  two  limiting  cases  of 
MM  and  IR  wave  regions  where  the  real  parts  were  explicitly 
computed  from  the  respective  limiting  forms  of  the  imaginary  part 
using  the  Hilbert  transform.  The  inverse  Hilbert  transform  of  , 
the  proposed  real  part  was  computed  as  well  to  demonstrate  the 
consistency  of  the  function. 

In  the  process  of  deriving  the  expression  for  the  real  part 
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Wave  Number  (T/cm) 


Figure'  1  -a . 
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Figure  1-b. 
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in  the  MM  region,  wa  recognized  that  a  proper  result  can  be 
obtained  -for  individual  lines  even  if  the  line  coupling  term  is 
considered.  The  zero-sum  rule,  which  is  considered  to  be 
essencial  for  the  validity  of  Rozenkranz  line  coupled  profile, 
was  found  to  be  not  essencial  in  obtaining  consistent  results. 
Only  requirement  necessary  to  keep  a  proper  consistency  of  the 
real  and  imaginary  parts  was  that  a  complete  profile  defined  over 
the  entire  real  line  be  used.  Therefore  it  is  important  to  use 
symmetric  line  shapes  such  as  the  Van  Vleck-Huber  profile. 

The  exact  real  part  of  the  susceptibility  was  obtained  in 
the  form  of  an  infinite  series  by  exploiting  the  Lorentz  expan¬ 
sion  of  the  tanh<.)  function  and  the  known  Hilbert  transform  of 
the  Lorentz  function.  The  obtained  series  was  successfully  used 
in  numerical  verification  of  the  proposed  approximate  real  part. 
It  was  observed  that  good  accuracies  were  obtained  over  the  wide 
range  of  +1500  (1/cm)  from  the  line  center  for  the  intermediate 
and  IR  cases,  and  of  +100  (1/cm)  for  the  MM  case.  The  matchings 
were  found  to  be  excellent  in  the  vicinity  of  the  line  center,  as 
may  be  seen  in  Fig.l. 

VII-  B§-£QQH!!§Qdat  i  gns: 

It  is  noted  that  the  proposed  real  part  can  be  used  in 
conjunction  with  the  absorption  line  parameters  in  the  entire 
frequency  range.  Thus  the  vast  data  base  such  as  the  line 
parameter  compilation  (Rothman  1983)  can  be  used  for  the 
evaluation  of  the  real  part  spectra.  It  is  an  easy  task  to 
incorporate  the  proposed  real  part  into  an  absorption  computation 


142-15 


code  such  as  FASCODE  (Clough  1981). 

The  proposed  real  part  showed  excellent  agreement  near  the 
center  of  the  line.  However,  the  accuracy  slowly  deteriorates  as 
the  distance  -from  the  line  center  increases.  The  obvious  reason 
for  this  is  that  the  approximations  for  the  tanh(.)  function  are 
valid  only  on  limitted  frequency  ranges.  Therefore,  the  corres¬ 
ponding  approximate  real  parts  also  lose  their  accuracy  for  wider 
frequency  range.  A  partial  solution  for  this  would  be  to  use  a 
line  shape  function  which  decreases  to  zero  faster  than  the  used 
Lorentz  function.  This  would  results  in  de-emphasizing  the 
frequency  region  away  from  the  center  and  hence  would  improve  the 
accuracy  of  the  resulting  real  part.  An  ultimate  solution, 
however,  is  to  find  the  closed  form  solution  for  the  real  part. 
The  investigation  for  this  requires  such  expertise  as  complex 
integration  theory,  special  function  theory  and  especially  the 
broad  applied  mathematics  which  enables  one  to  systematical ly 
attack  the  problem. 
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ABSTRACT 

The  muaerical  aodeling  of  aultiphaae  flow  in  a  audden-expanaion  raajet 
coabuator  geoaetry  haa  been  atudied.  The  objective  ia  to  develop  a  computer 
code  which  can  be  uaed  for  the  ayateaatic  atudy  of  the  flow  characteriatica. 
The  poaaibility  of  adapting  and  modifying  exiating  computer  codea  available 
at  the  Aero  Propulaion  laboratory  haa  been  examined.  It  haa  been  found  that 
it  would  be  noat  efficient  to  develop  a  cuatoa-aade  droplet  apray  code  and 
incorporate  it  into  the  exiating  STARRC  code  for  the  aultiphaae  flow 
calculationa.  The  detaila  of  the  droplet  apray  formulation  and  the  overall 
aolution  acheae  are  preaented.  Finally,  certain  reaearch  probleaa  which  are 
related  to  the  preaent  reaearch  are  auggeated  for  future  atudy. 
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I. 


INTRODUCTION: 


In  recent  years  there  has  been  a  reawakening  interest  in  the  use  of 
raajet  propulsion  systems  for  modern  strategic  and  tactical  missiles.  The 
advantages  of  ramjet  propulsion  are  the  high  specific  impulse  (resulting  in 
enhanced  range  and/or  speed  capability)  and  a  conceptually  simple  system 
requiring  no  moving  parts  other  than  those  associated  with  the  fuel  system. 

The  basic  ramjet  combustor  configuration  is  the  so-called  sudden  ex¬ 
pansion  dump  combustor  as  shown  in  Figure  1.  In  this  type  of  combustor, 
liquid  fuel  is  sprayed  into  the  ram  air  upstream  of  the  dunp  station, 
although  it  may  also  be  injected  directly  into  the  chamber  via  side'wall 
inlets.  Primary  flame  stabilization  is  provided  by  the  flow  recirculation 
regions,  which  may  be  supplemented,  at  the  expense  of  total  pressure  loss, 
with  mechanical  flameholding  devices  at  the  air  inlet/combustor  interface 
and/or  the  presence  of  inlet  air  swirl,  obtained  by  the  use  of  tangential 
injection  or  swirl  vanes. 

The  flow  throughout  is  multiphase,  subsonic,  turbulent,  and  involves 
large-scale  recirculation  zones.  With  strong  swirl  in  the  inlet  flow  a 
central  toroidal  recirculation  zone  (a  recirculation  bubble  in  the  middle  of 
the  chamber  near  the  inlet)  also  presents  itself.  Even  gross  features  of 
the  flow  are  not  known  quantitatively  with  certainty:  for  example,  factors 
affecting  the  existence,  size,  and  shape  of  the  recirculation  zones. 

Liquid  sprays  play  an  important  role  in  combustion  performance  and 
emission  of  pollutants.  Local  values  of  air/fuel  ratio  are  governed  by 
trajectories  of  individual  droplets,  rates  of  vaporization  and  mixing  of 
fuel  vapor  with  air.  Atomizers  produce  sprays  with  a  wide  range  of  droplet 
sizes,  velocities  and  initial  direction  of  flight.  The  droplets  interact 
with  gas  streams,  which  can  deflect  the  particles  from  their  trajectories. 

Vapor  is  released  in  the  wakes  of  the  droplets  and  these  trails  of  vapor 
mix  by  convection  and  diffusion  with  the  airstreams.  The  rates  of  vapori¬ 
zation  are  governed  by  the  temperature  and  vapor  pressure  concentrations  of 
the  environment  through  which  the  droplets  traverse.  Since  combustion 
efficiency  and  temperature  distributions  are  directly  dependent  upon  air/ 
fuel  ratio  distributions,  an  accurate  prediction  of  composition  of  the  fuel 
vapor  evaporating  at  the  droplet  surface  is  important  for  spray  combustion 
analysis.  Also,  changes  in  spray  characteristics  can  result  in  important 
changes  in  combustor  performance. 
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The  present  work  is  concerned  with  the  computer  modeling  of  the  multi¬ 
phase  flow  fields  in  a  sudden-expansion  ramjet  combustor.  It  is  part  of 
several  concurrent  research  efforts  undertaken  at  the  Air  Force  Aero 
Propulsion  Laboratory  to  gain  further  insights  into  the  characteristics  of 
these  type  of  flow  field. 

H.  OBJECTIVES: 

The  goal  of  the  summer  research  is  to  investigate  via  numerical 
modeling,  the  flow  characteristics  in  a  sudden-expansion  ramjet  combustor 
described  in  the  previous  section.  The  particular  problem  is  concerned  with 
liquid  fuel  injections  along  with  turbulent  swirling  flows  at  the  combustor 
inlet.  The  study  is  restricted  to  steady  flow  in  axisymmetric  geometries 
under  non-reacting  conditions. 

The  objective  is  to  develop  a  computer  code  which  can  be  used  for 
systematic  study  of  flow  characteristics  in  a  ramjet  dump  combustor. 

III.  APPROACH  ADOPTED  IN  THIS  RESEARCH: 

The  possibility  of  adapting  and  modifying  developed  computer  codes  to 
the  ramjet  geometry  and  flow  conditions  has  been  considered.  Several 
existing  computer  codes  on  fluid  flow  modeling  available  at  the  Aero 
Propulsion  Laboratory  have  been  examined.  They  are  briefly  outlined  below: 

I.  STARPIC1  (Swirling  Turbulent  Axisymmetric  Recirculating  flows  in  Prac¬ 
tical  Isothermal  Combustor  geometries) 

This  code  is  based  on  the  popular  TEACH-X^  code  except  that  an 
equation  for  a  swirl  velocity  component  is  included.  The  code  is 
written  essentially  to  model  the  flow  in  turbine  combustors  and  the 
subroutine  that  specifies  the  initial  conditions  is  somewhat  more 
flexible  than  the  TEACH  code.  The  inlet  conditions  may  include  a  slop¬ 
ing  upstream  boundary  which  is  modelled  within  the  calculation  regime 
by  a  series  of  boundary  steps. 

This  code  appears  to  be  suitable  for  the  flow  field  calcula¬ 
tions.  However,  it  is  only  for  single-phase  flows  and  droplet  model 
has  to  be  inserted  in  order  to  use  it.  Also,  a  diffusion  equation  and 
an  energy  equation  would  be  needed. 

2.  STARRC^  (Swirling  Turbulent  Axisymmetric  Recirculating  and  Reacting 
Compressible  Code) 
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This  code  uses  the  aforesientioned  STARPIC  as  a  based  code  to 
which  several  features  are  added.  The  diffusion  equation  from  TEACH-T 
code  is  added  together  with  the  enthalpy  equation  except  that  the 
enthalpy  could  be  either  the  specific  static  or  stagnation  enthalpy  as 
determined  by  a  logic  switch.  The  inclusion  of  the  equation  of  state 
for  calculation  of  density  together  with  the  stagnation  enthalpy  equa¬ 
tion  allows  isentropic  compressibility  effects  to  be  included.  The 
boundary  conditions  allow  the  inclusion  of  a  sloping  upstream  boundary 
and  a  downstream  exit  nozzle  both  of  which  are  modelled  by  a  series  of 
finite  steps.  An  expanding  or  an  expanding-contracting  grid  can  auto¬ 
matically  be  generated  in  the  x-direction.  The  first  approximation 
combustion  of  the  TEACH-T  code  bas  been  included  and  provision  made  for 
the  planned  addition  of  reaction  kinetics.  Again,  this  code  which 
appears  to  be  suitable  for  the  present  flow  field  calculation,  is  only 
for  single-phase  flows.  A  droplet  model  has  to  be  inserted  in  order  to 
use  it. 

NASA-GARRETT  3-D4 

This  3-D  program  is  general  and  capable  of  predicting  recircu¬ 
lating  flows  in  three-dimensional  geometries.  The  code’s  input  and 
boundary  conditions  are  specifically  oriented  towards  gas  turbine 
combustor  geometries.  Reacting  or  non-reacting,  swirling  or  non¬ 
swirling,  diffusion  and/or  premixed  flames,  and  gaseous  and/or  liquid 
fuel  combustion  can  be  handled  by  the  program.  The  code  solves  for  all 
the  quantities  of  STARRC  in  a  three  dimensional  flowfield  plus  the  mass 
fractions  of  unburned  fuel,  oxygen,  carbon  monoxide,  CxHy,  H^,  CO^  and 
H^O,  three  radiation  flux  vectors,  soot  and  NO^  emissions  and  the  fuel 
spray  trajectory,  droplet  size  distribution,  and  evaporation  rate. 

The  adaptation  of  the  code  to  the  ramjet  configuration  appears 
to  be  useful.  However,  it  has  been  found  that  the  limitations  in 
memory  storage  and  speed  capability  of  the  computer  system  at  the 
laboratory  severely  restrict,  and  practically  prohibit  the  use  of 
the  code. 

ADD-PTRAK-VAPDIF5 

This  program  calculates  the  operating  characteristics  of  premix- 
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ing-prevaporizing  fuel/air  nixing  passages.  The  calculation  procedure 
utilizes  three  computer  codes:  The  ADD  code  which  calculates  the 
axisymmetric  or  two-dimensional  distributions  of  velocity,  pressure 
and  temperature  of  the  air  flow;  the  PTRAK  code  which  calculates  the 
nonequilibrium  heat-up,  vaporization,  and  trajectories  of  the  liquid- 
fuel  droplets  in  a  three-dimensional  flow  field;  and  the  VAPDIF  code 
which  calculates  the  diffusion  of  fuel  vapor  into  a  moving  air  stream. 
The  general  approaches  adopted  in  these  codes  are  briefly  described 
below: 

ADD:  First,  an  orthogonal  coordinate  system  is  constructed  for  the 
duct  from  the  potential  flow  solution  such  that  the  stream  function 
forms  the  coordinates  normal  to  the  wall  and  the  velocity  potential 
forms  the  coordinate  tangent  to  the  wall.  By  approximating  thu  real 
streamlines  by  the  potential  flow  streamlines,  the  governing  viscous 
flow  equations  are  reduced  to  a  parabolic  system  of  partial  differ¬ 
ential  equations  which  can  be  solved  by  a  forward  numerical  integration 
procedure.  The  effects  of  fuel  are  neglected. 

PTRAK:  The  analysis  assumes  lean  equivalence  ratios.  Thus  the  air 
flow  behavior  can  affect  the  fuel  droplet  behavior,  but  the  fuel  drop¬ 
let  behavior  does  not  affect  the  air  flow  behavior.  The  spray  is 
divided  into  a  number  of  classes.  The  code  calculates  the  trajectory, 
vaporization  rate,  and  temperature  variation  of  each  class  of  droplets. 
Large  droplets  may  shatter  into  smaller  droplets.  Droplets  from  two 
classes  may  coalesce  into  larger  entities.  Droplets  may  collide  with 
the  duct  walls  and  either  rebound  or  undergo  additional  v* jorizatior . 
A  distribution  of  fuel  vapor  sources  is  calculated  for  use  in  the 
vapor  diffusion  computer  program. 

VAPCIF:  With  lean  fuel  assumption,  the  diffusion  equations  reduce 
to  one  equation  for  the  mass  fraction  of  fuel  vapor  diffusing  into  a 
known  gas  (air)  flow  field.  The  thermodynamics  properties  of  the 
fuel  vapor  and  air  mixture  are  taken  to  be  the  thermodynamic  properties 
properties  of  air.  It  is  further  assumed  that  the  cloud  of  liquid 
fuel  droplets  does  not  interact  with  the  fuel  vapor  other  than  to 
produce  a  source  term  in  the  diffusion  equation.  The  diffusion  equa¬ 
tion  which  is  reduced  to  a  linear  second  order  partial  differential 
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equation  is  solved  by  s  forward  marching  integration  technique. 

Although  the  PTRaK  code  appears  to  have  a  rather  detailed  liquid 
fuel  droplet  model,  both  the  ADO  and  the  VAPOIF  codes  are  parabolic  in 
nature  and  therefore  are  not  applicable  to  flows  containing  regions  of 
separation. 

It  appears  from  this  survey  that  none  of  the  computer  codes  examined 
.bove  (other  than  the  NASA-GARRETT  3-0  code  which  is  limited  by  computer 
swaory  space)  can  be  directly  adapted  for  the  two-phase  recirculating  flow 
calculatiohs.  One  alternative  is  to  combine  the  flow  field  calculation  from 
the  STARRC  code  with  the  PTRAK  code  which  calculates  the  non-equilibrium 
heat-up,  vaporization,  and  trajectories  of  the  liquid  fuel  droplets  in  a 
decoupled  flow  field.  However,  this  will  be  complicated  by  tbe  fact  that 
the  PTRAK  code  utilizes  an  or  hogonal  streamline  ordinate  system  used  by  the 
ADO  code.  While  the  streamline  coordinate  system  obtained  from  the 
potential  flow  solution  via  tfa-  Schwarz-Christoffel  transformation  is  quite 
elegant,  it  is  not  useful  for  the  viscous  flow  situation. 

Furthermore,  the  models  used  in  the  PTRAK  code  for  elastic  droplet 
collisions,  droplet  shattering,  droplet  coalescence  and  droplet  wall  inter¬ 
action  are  untested.  Their  validities  are  quite  questionable.  On  the  other 
hand  an  oversimplified  model  is  used  for  the  droplet  heating  and 
vaporization. 

Instead,  it  would  be  more  efficient  to  develop  a  new  droplet  spray  code 
custom-made  for  the  STARRC  code.  This  STARRC  compatible  droplet  code  will 
minimize  the  aiMunt  of  modification  effort  required  for  the  STARRC  code.  In 
addition,  the  recent  developswnts  in  the  droplet  vaporization  theory  can 
also  be  incorporated.  This  approach  is  adopted  in  the  present  study.  The 
details  of  the  formulation  of  the  droplet  code  and  the  overall  solution 
scheme  are  given  in  the  next  section. 

IV.  FORMULATION  ARP  SOLUTION  SCHEME 

The  analysis  of  a  two-dimensional  gas-drcflet  flow  field  incorporating 
the  effect  of  gas-droplet  mass,  momentum  and  energy  coupling  has  been  dcue 
by  Crows  and  co-workers6,7.  The  uodel  was  founded  on  the  idea  ^  regarding 
the  condensed  phase  as  a  source  of  mass,  momentum  and  e»^rgy  to  the  cooti- 

g 

nuum  phase  proposed  by  Migdal  ac  1  Agosta  .  Basically  the  calculation  scheme 
utilized  the  cellular  approach  in  which  each  computational  cell  was  regarded 
as  a  control  volume.  Eulerian  observation  equations  were  applied  to  the 
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gas  phase  and  Lagrangian  equations  of  droplet  notion  and  thermal  enetgy 
t alance  were  applied  to  a  finite  member  of  droplet  size  ranges  representi  - 
the  size  distribution  within  the  spray.  Recording  the  mass,  momentum  and 
energy  of  the  droplets  on  crossing  cell  boundaries  provide  the  droplet 
source  terms  for  the  gas  flow  equations. 

The  complete  solution  for  a  gas-droplet  flow  field  is  executed  as 
illustrated  in  Figure  2.  The  calculation  begins  by  solving  the  gas  flow 
field  assuming  no  droplets  are  present.  Using  this  flow  field,  droplet 
trajectories  together  with  size  and  temperature  histories  are  calculated. 
The  mass,  momentum  and  energy  source  terms  for  each  cell  throughout  the  flow 
field  are  then  determined.  The  gas  flow  field  is  solved  again  with  these 
source  terms  incorporated.  This  iteration  process  continues  until  the  flow 
field  equations  are  satisfied  to  within  a  predetermined  value  and  the 
solution  which  accounts  for  the  mutual  interaction  of  the  droplet  and  gas  is 
obtained. 

% 

This  approach  is  used  in  the  present  study.  Since  the  STARRC  code  also 
uses  cellular  approach,  it  can  be  used  readily  for  the  gas  flow  calculation. 
The  only  minor  modification  is  the  insertion  of  the  droplet  source  terms 
into  the  conservation  equations.  The  equations  used  for  the  droplet 
trajectories,  size,  temperature  and  source  terms  are  outlined  below. 
Droplet  Equations: 

The  equation  of  motion  of  a  droplet  is  given  by 


dt  v 


(1) 

(2) 


where  U  and  V  are  the  gas  and  droplet  velocities  respectively,  CL  is  the 
drag  coefficient,  R  is  the  droplet  radius,  g  is  the  gravity  vector  and  X  is 
the  droplet  location  vector. 

The  drag  coefficient  for  an  evaporating  liquid  droplet  depends 
primarily  on  the  Reynolds  number,  Re,  and  the  Spalding  transfer  number,  B. 

9 

Various  relations  for  have  been  proposed  . 
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For  the  heat  and  mass  transfer,  if  one  assumes  uniform  droplet  tempera¬ 
ture  and  quasisteady  gas  phase  along  with  spherical  symmetry,  the  following 
equation  for  droplet  vaporization  can  be  obtained. 
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where  m  is  the  droplet  mass  vaporization  rate,  H  is  the  effective  latent 
heat  of  vaporization,  D  is  the  mass  diffusivity,  Yfg  is  the  fuel  vapor  mass 
fraction  at  the  droplet  surface,  C^,  T  and  p  represent  specific  heat, 
temperature  aad  density  respectively  with  subscripts  g  and  i  denoting  the 
gas  phase  and  the  liquid  phase. 

Combining  Equations  3  to  5  yields 

aS  =  £  I  2Q(1  +  B)  (6) 


5 

dt 


5"  8  Vpi 
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(7) 


Equations  1,  2,  6  and  7  form  a  system  of  coupled  first  order  ordinary 
differential  equations  and  they  can  be  solved  readily  by  using  a  Runge-Kutta 
scheme. 

It  should  be  noted  that  Equations  3*7  are  based  on  spherical  symmetry. 

Many  investigators  1  suggested  empirical  correlations  for  vaporization 

rate  in  a  convective  field  as  a  correction  to  the  spherical  symmetric  case. 

The  typical  form  of  correlation  is  m  .  .  =  m  F(Re,  Pr)  where  F(Re,  Pr) 

convection 

is  the  correction  factor.  For  example,  the  Ranz-Marshall 1  correlation  is 

v  i/I 

given  by  F(Re,  Pr)  =  1  +  0.3  Re*  Pr  .  Although  this  type  of  correlations 
is  very  simple,  there  is  really  very  little  theoretical  justification  for 
them. 

Recently,  Tong  and  Srignano1^’ ^  developed  a  simplified  model  for 
the  problem  of  droplet  vaporization.  The  model  accounted  for  the 
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liquid-phase  internal  circulation  and  the  axisymmetric  gas-^hase  convection. 
The  results  were  in  close  agreement  with  the  results  of  ■»  more  detailed 
model.  The  model  was  also  examined  in  a  spray  vaporization  situation1^.  The 
feasibility  of  incorporating  the  model  into  a  one-dimensional  spray 
vaporization  calculation  was  verified  and  the  potential  usefulness  of  the 
model  in  an  overall  spray  situation  was  demonstrated. 

This  model,  which  is  physically  more  realistic  in  a  convective 
situation,  will  be  incorporated  in  the  droplet  calculation.  Since  the 
overall  solution  scheme  ?mains  the  same,  the  details  of  the  simplified 
analysis  is  omitted  here. 


Droplet  Source  Terms 


The  entry  of  the  droplets  is  represented  by  a  finite  number  of  entry 


ports.  The  mass  of  droplet  radius,  FT  ,  which  enters  per  unit  time  at  port 
j  is  given  by 


where  m_  is  the  total  droplet  mass  inflow  rate,  X.  is  the  fraction  of 
•  J 

droplet  mass  which  enters  at  port  j  and  Y^  is  the  fraction  of  droplet  mass 

with  initial  radius  F^  .  The  number  flow  rate  of  the  droplets  of  radius 

from  port  j  is  determined  by 


3  ”t  *1  Yi 
Pz  R- 


(9) 


Droplet  tracking  allows  the  size,  velocity  temperature  and  position  of 
the  droplet  to  be  determined  in  the  calculation  domain.  Droplet  source 
terms  are  obtained  by  calculating  the  loss  or  gain  of  the  droplet  mass, 
momemtum  and  energy  within  each  cell.  Summing  up  the  respective  source 
terms  for  droplets  representing  different  size  ranges  gives  the  total 


droplet  source  terms. 

From  here  onwards,  trajectory  "ij"  denotes  trajectory  of  droplets 
originated  at  port  j  with  initial  radius  1^.  The  net  efflux  rate  of  droplet 
mass  from  a  computational  cell  due  to  trajectory  ij  is 
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where  subscripts  in  and  out  denote  quantities  i-to  and  out  of  the  compu¬ 
tation  ceil  respectively.  The  source  term  for  mas  is  given  by  summing  over 
all  droplet  trajectories  which  traverse  a  given  cell: 


Am  =  2  Z  Am. . 

j  i  1J 


(ID 


The  momentum  source  term  and  the  energy  source  term  are  evaluated  in 
the  same  fashion.  The  momentum  source  tern  for  a  given  cell  is  given  by 


AM  =  Z  Z  AM. . 
j  i  1J 


(12) 


where 
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The  energy  source  term  is  given  by 


AE  =  Z  Z  AE. . 
i  j  1J 


(14) 


where 
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and  h^  is  enthalpy  of  the  droplet. 

V.  PRESENT  STATUS  OF  THE  RESEARCH 

The  STARPIC  and  STARRC  codes  are  both  operational  and  flow  field 
calculations  for  some  test  cases  have  been  obtained.  The  droplet  program 
presented  in  the  previous  section  are  being  implemented  into  the  STARRC 
code. 

VI.  RECOMMENDATIONS 

At  this  point,  it  appears  to  be  logical  to  recommend  the  completion  of 
the  implementation  of  the  spray  model  presented  in  this  report  into  the 
STARRC  code.  This  task  will  be  proposed  for  follow-on  research  work. 
Apparently,  the  numerical  scheme  is  very  promising  and  can  be  used  readily 
for  comparison  with  the  on-going  experiments  being  performed  in  the  Aero 
Propulsion  Laboratory. 
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In  addition,  the  following  related  t«»k,  which  the  author  considers  to 
be  important,  deserves  attention: 

1.  The  numerical  simulations  of  multiphase  flow  field  are  highly  sensi¬ 
tive  to  the  assumptions  made  for  inlet  boundary  conditions.  Much 
careful  thought  has  to  be  devoted  to  providing  these  inlet  conditions. 
Temptation  to  post-diet  the  experimental  results  by  careful  tailoring 
of  the  inlet  conditions  should  be  avoided. 

2.  The  scheme  which  solves  the  steady  state  form  of  the  gas  phase  equa¬ 
tions  in  the  STARRC  code  employs  the  "SIMPLE"  method.  Although  this 
scheme  has  proven  to  be  quite  effective,  its  convergence  rate  can  be 
improved.  The  "SIMPLER"  algorithm,  a  revised  version  of  "SIMPLE", 
provides  a  more  accurate  pressure  field  for  each  iteration  through  the 
momentum  equations,  thereby  speeding  convergence.  In  addition, 
operational  improvements  such  as  mesh  imbedding,  adaptive  grids, 
dynamic  variation  of  underrelaxation  factors  should  be  considered. 

3.  Although  the  widely  used  k-e  model  of  turbulence  has  been  proven  to  be 
adequate  in  a  variety  of  flows,  it  has  been  found  that  it  performs 
poorly  in  confined  vortex  flows.  Extreme  caution  in  the  use  of  the 
k-e  model  in  highly  swirling  flows  is  recommended. 

4.  The  existing  mathematical  models  for  droplet  shattering,  droplet  co¬ 
alescence  and  droplet  wall  interaction  are  untested.  Experimental 
investigation  is  needed. 

The  above  are  considered  to  be  useful  research  problems  and  are 
recommended  for  future  study. 
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Figure  2.  Computation  Scheme 
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ABSTRACT 


Three  covariance  structure  models  were  developed  to  assess  the 
construct  validity  of  several  job  performance  measures  being  developed 
for  the  Jet  Engine  Mechanic  Specialty.  The  analyses  are  designed  to 
clearly  explicate  the  criterion  space,  that  Is,  the  criterion 
constructs  and  their  Interrelationships.  Data  will  be  collected  during 
January-Aprll,  1985,  and  analyses  will  be  conducted  shortly 
thereafter.  Results  of  the  analyses  will  contribute  to  an 
understanding  of  the  job  performance  domain  of  the  Jet  Engine  Mechanic 
Specialty.  They  will  also  provide  Information  about  the  relative 
usefulness  of  the  various  measures  employed,  and  about  the  validity  of 
the  ASVAB  for  predicting  job  success.  It  was  recommended  that  future 
research  focus  on  development  of  a  method  for  assessing  the  costs  and 
benefits  associated  with  each  of  the  performance  measures,  and  with 
assessment  of  the  utility  (gain  In  productivity)  of  personnel 
management  practices. 


I.  INTRODUCTION 

The  Performance  Measurement  Project  being  conducted  by  AFHRL/MODP 
is  nearing  final  stages  of  development  of  an  innovative  and  complex 
system  for  measuring  the  job  performance  of  jet  engine  mechanics.  The 
central  measures  of  performance  consist  of  two  forms  of  a  work  sample 
test  called  Walk  Through  Performance  Testing  (WTPT).  The  WTPT-Hands  On 
will  require  job  incumbents  to  perform  a  series  of  job  tasks  according 
to  instructions  provided  by  a  test  administrator.  The  test 
administrators  will  be  highly  trained  subject  matter  experts  (i.e., 
former  supervisors  of  jet  engine  mechanics),  and  test  administrators 
will  have  the  additional  duties  of  observing,  evaluating,  and  rating 
incumbents  as  they  perform  the  WTPT-Hands  On.  The  WTPT  will  also  be 
administered  in  an  Interview  format.  Here,  Incumbents  will  be  asked  to 
describe  in  detail  the  steps  they  would  perform  in  order  to  accomplish 
a  task,  without  actually  performing  the  task.  Again,  subject  matter 
experts  will  administer  the  WTPT- Interview,  and  observe,  evaluate,  and 
rate  the  performance  of  Incumbents. 

Each  of  the  approximately  360  jet  engine  mechanics  to  be  tested 
will  perform  on  both  forms  of  the  WTPT,  for  a  total  test  time  of 
approximately  seven  hours.  In  addition  to  the  .iPT  measures, 
performance  will  be  assessed  using  four  rating  scales.  These  will 
include  a  Task  Level  Rating  Form,  a  Dimensional  Level  Rating  Form,  a 
Global  Level  Rating  Form,  and  an  Air  Force  Wide  Rating  Form.  Each 
rating  form  will  be  completed  by  the  incumbent's  supervisor,  by  the 
Incumbent  him-  or  herself,  and  by  one  or  more  of  the  incumbent's 
coworkers  (peers).  Thus,  twelve  sets,  of  ratings  will  be  obtained  for 
each  Incumbent  (four  rating  scales  times  three  sources). 

One  of  the  stated  purposes  of  The  Performance  Measurement  Project 
is  to  develop  sound  measures  of  job  performance  in  order  to  permit 
determination  of  valid  cutting  scores  for  the  Armed  Services  Vocational 
Aptitude  Battery  (ASVAB),  the  test  used  to  assist  in  the  decision 
process  for  assigning  recruits  to  specialties.  ASVAB  scores  for  each 
jet  engine  mechanic  In  the  sample  will  be  available,  as  will  a 
Technical  School  score.  Together  these  scores  will  be  used  to  assess 


recruit  capability.  Other  variables  thought  to  Influence  job 
performance  will  also  be  measured.  These  include  task  and  job 
experlenca,  motivation  to  perform  one's  job,  and  commitment  to  the  Air 
Force.  Other  measures  may  eventually  be  included  in  the  project  as 
well. 

The  purpose  of  the  summer  research  project  was  to  develop  a  data 
analysis  plan  for  The  Performance  Measurement  Project,  particularly 
with  regard  to  Investigating  the  construct  validity  of  the  Job 
performance  measures  (WTpT  and  ratings).  Incorporation  of  related 
measures  such  as  ASYA3  scores  into  the  overall  analysis  plan  was  also 
desired.  To  these  ends,  three  reports  were  written  In  which  a  number 
of  analyses  were  proposed  to  address  project  needs.  These  will  be 
described  In  more  detail  below.  The  present  author  was  selected  for 
the  summer  faculty  position  because  of  extensive  past  research 
experience  In  job  performance  measurement,  and  because  of  past 
experience  with  the  data  analytic  techniques  to  be  utilized. 

II.  OBJECTIVES 

A  variety  of  job  performance  measures  will  be  utilized  In  the 
Performance  Measurement  Project.  These  are  expected  to  vary  In  terms 
of  fidelity  of  measurement  and  expense  of  administration.  A  clear 
understanding  of  the  Interrelationships  of  the  measures  Is  needed  so 
that  the  project  may  proceed  In  the  most  efficient  manner.  The  primary 
analysis  technique  to  be  employed  will  be  covariance  structure 
modeling,  and  a  subset  of  this,  confirmatory  factor  analysis.  Both  of 
these  analysis  techniques  a"u  quits  complex,  and  require  a  preliminary 
model  of  the  expected  interrelationships  of  the  variables.  Formulating 
such  a  model  requires  a  thorough  understanding  of  the  project  goals  and 
the  measures  to  be  obtained.  The  objectives  of  the  summer  research 
effort  were: 

1.  to  obtain  a  thorough  understanding  of  project  goals  and 
measuring  Instruments  through  studying  project  materials  and  through 
discussions  with  project  management; 


2.  to  develop  data  analysis  models  (covariance  structure  and 
confirmatory  factor  analysis)  for  use  on  project  data; 

3.  to  document  the  proposed  models  and  analyses  in  the  form  of. 
written  reports. 

The  next  three  sections  cf  this  report  are  condensed  from  the  original 
reports  developed  over  the  sumner. 

1 1 1 .  DESCRIPTION  OP  TKf  COVAf.IAKCE  STRUCTURE  MODEL  CF  PERFORMANCE 

MEASUREMENT  PROJECT  VARIABLES 

1 .  Assumptions 

Proficiency  will  be  measured  by  two  components  of  Walk-Through 
Performance  Testing  (WTPT),  Hands-on  and  Interview.  There  will  be 
three  measured  variables  associated  with  each  component,  percent  of 
tasks  correctly  completed,  oercent  of  critical  tasks  correctly 
completed,  and  an  average  task  proficiency  rating.  Task  and  job 
experience  measures  will  be  obtained  for  WTPT  items,  the  former  as  the 
relative  percent  of  time  spent  performing  each  task  and  the  recency  of 
experience,  the  latter  as  time  In  specialty.  Ratings  of  job 
proficiency  will  be  obtained  from  Task  Level,  Dimension  Level,  Global 
Level,  and  AF  Level  rating  scales  completed  by  supervisor,  self,  and 
peer  sources.  A  summary  rating  will  be  derived  from  each  scale  and 
source  combination  for  each  incumbent.  ASYAB  component  scores  and 
training  scores  will  also  be  available  for  each  Incumbent  (the  numbe 
of  each  type  of  score  Is  yet  to  be  determined). 

2.  Research  Questions 


The  analyses  described  below  will  answer  the  following  questions: 

a.  Do  the  data  support  a  model  which  holds  that  the  25  observed 
variables  are  produced  In  part  by  11  unobserved  or  latent  variables? 
Are  the  observed  variables  adequate  (l.e.,  statistically  significant) 
measures  of  the  latent  variables? 
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b.  Do  the  latent  variables  significantly  Influence  one  another  as 
the  Model  proposes?  Are  the  WTPT  latent  variables  central  to  the  model 
as  indicated?  Are  the  rating  variables  "surrogates*  to  the  UTPT 
variables?  Does  the  "recruit  capabilities"  latent  variable  as  measured 
by  ASVAB  and  training  scores  account  for  substantial  variance  In  WTPT 
performance? 

c.  If  the  proposed  model  does  not  fit  the  data,  what  model (s)  can 
explain  the  relationships  found  in  the  data? 

3.  The  Conceptual  Model 

Figure  1  presents  the  conceptual  model  of  the  anticipated 
relationships  among  the  constructs  assumed  to  be  measured  by  the 
methods  described  above.  Central  to  the  model  are  the  WTPT  Hands-on 
and  Interview  constructs.  These  are  regarded  by  project  management  as 
measures  of  performance  with  the  greatest  fidelity  of  all  the 
measurement  techniques  used  In  the  research.  They  are  depicted  as 
separate  constructs  because  of  the  obvious  differences  In  methods  of 
data  collection,  and  because  they  differ  In  specific  task  content. 
Although  not  Included  In  Figure  1,  it  Is  assumed  that  there  will  be 
three  measured  variables  for  each  WTPT  construct. 

The  constructs  of  task  experience  and  recruit  capabilities  are 
shown  as  havlna  direct  Influences  on  both  WTPT  constructs.  Incumbents 
with  more  experience  on  the  job  are  expected  to  perform  better  on  the 
WTPT  than  those  with  less  experience.  The  arrows  In  the  model  Indicate 
that  one  variable  has  an  effect  on  another,  or  accounts  for  substantial 
variance  In  It.  The  technique  is  sometimes  called  "causal  modeling," 
since  the  model  is  presumed  to  represent  the  true  processes  underlying 
the  observed  data.  Recruit  capability  Is  also  shown  as  having  direct 
Influences  on  both  WTPT  constructs.  The  individual's  job  proficiency 
as  measured  by  the  WTPT  is  thought  to  be  determined  In  part  by  Initial 
aptitude  as  measured  by  ASVAB  and  training  scores. 

The  model  also  shows  that  the  various  ratings  account  for  variance 
In  the  WTPT  constructs.  Each  rating  construct  Is  a  summary  measure  of 
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job  performance  as  assessed  by  that  particular  scale  by  three  sources. 
Although  not  formally  include^  in  the  model,  the  more  specific  ratings 
(task  and  dimension  level)  are  expected  to  explain  more  variance  in 
WTPT  constructs  than  are  the  more  global  ratings  (global  and  AF 
level).  The  left  side  of  Figure  1  contains  the  multitrait-multimethod 
(MTMM)  model  of  sources  of  variance  in  ratings  (see  Section  IY).  The 
supervisor,  self,  and  peer  source  constructs  are  not  shown  as  directly 
influencing  any  of  the  other  constructs  in  the  model.  Rather,  they 
serve  to  explain  variance  in  the  measured  rating  variables.  It  may 
happen  that  analysis  of  the  MTMM  model  will  indicate  that  changes 
should  be  made  in  this  model.  For  example,  if  analysis  of  the  MTMM 
model  reveals  that  supervisors  and  peers  are  not  distinct  sources  of 
rating  variance,  but  that  they  are  encompassed  in  a  source  called 
"ratings  by  others,"  the  models  in  Figures  1  and  2  will  be  altered  to 
reflect  this. 

4.  The  Formal  Model 

Figure  2  presents  a  covariance  structure  model  comprising  25 
observed  or  measured  variables  and  11  unobserved  or  latent  variables 
for  the  constructs  discussed  previously.  Two  types  of  latent  variables 
are  depicted,  exogenous  variables  (C's)  and  endogenous  variables 
(n's).  Endogenous  latent  variables  are  shown  as  being  caused  or 
influenced  by  exogenous  latent  variables.  No  causes  or  direct 
influences  on  exogenous  latent  variables  are  shown,  as  these  are 
assumed  to  lie  outside  the  scope  of  the  model.  The  arrows  linking 
latent  variables  depict  what  is  called  the  structural  model.  Also 

shown  is  the  measurement  model,  the  relationships  of  measured  to 
unmeasured  variables.  The  x's  denote  indicators  of  exogenous  latent 
variables,  the  y's  denote  indicators  of  endogenous  latent  variables. 

The  covariance  structure  model  contains  all  of  the  components  of 
the  confirmatory  factor  model  (CFA;  see  Section  IV),  plus  additional 

parameters  (Long,  1983b).  In  essence,  the  covariance  structure  model 

contains  two  CFA  models,  one  for  the  x  variables  and  one  for  the  y 

variables.  The  model  includes  observed  exogenous  variables  (x^'s), 
exogenous  common  factors  (S^'s),  unique  factors  affecting  x.'s 
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(o1 ' S ) ,  and  covariances  among  common  factors  (<^j's)  (not  shown  in 
Figure  2).  The  covariance  structure  model  also  contains  observed 
endogenous  variables  (y^ ' s ) ,  endogenous  common  factors 
unique  factors  affecting  y^'s  (ek's),  unique  factors  or 

disturbances  affecting  n^'s  (c^'s),  direct  effects  of  exogenous 
latent  variables  tj's  on  endogenous  latent  variables  n^'s 
(Yjj's),  and  direct  effects  of  endogenous  latent  variables  n^'s  on 
one  another  {fig.'s).  No  direct  effects  among  the  n's  are  included 
in  Figure  2. 


In  matrix  terms,  the  general  forms  of  the  factor  equations  for 
observed  variables  x  and  y  are 


x  «  A* 5*  6 

[1] 

y  m  Aij  n*£ 

[2] 

These  equations  may  be  compared  to  equations  1  to  6 
observed  variables. 

for  specific 

The  structural  model  specifies  that  endogenous  latent  variables  are 
related  to  exogenous  latent  variables  and  other  endogenous  latent 
variables  by  equations  of  the  general  form 

n  =  6n+re+c 

[3] 

or,  alternatively  (and  equivalently), 

[4] 

or,  in  reduced  form  (whereby  endogenous  latent  variables 
only  in  terms  of  exogenous  latent  variables  and  errors  in 

are  expressed 
equations) , 

n*  B"lr5+B*1c 

[5] 

Since  observed  variables  x  and  y  can  be  expressed  in  terms  of 
measurement  model  components  (see  equations  1  and  2),  and  structural 


equations  can  be  expressed  in  terms  of  components  of  factor  equations 
(see  equation  5),  It  follows  that  the  covariance  equation  of  observed 
variables  can  be  expressed  in  terms  of  parameters  of  the  structure 
and  factor  equations, 


A18'l(r4>r+4'y)  B'^'+Sc 

Af  0  '  lr<J>A^ 

/  *  «  i  •  1 

A**r  8  A^ 

A„*A*'+  5$ 

[6] 


Thus,  the  variances  and  covariances  of  the  observed  matrix  Z  are 
expressed  in  terms  of  the  parameters  of  the  eight  matrices,  AM  6-j 

*,¥,5,5  and  Ee.  Generally  stated,  specification  of  a  model  such  as 
appears  in  Figure  2  determines  which  parameters  of  the  eight  matrices 
are  to  be  estimated  and  which  are  constrained  or  fixed  to  zero. 

Parameter  estimation  involves  finding  values  for  the  parameters 
that  will  reproduce  the  matrix  £  as  closely  as  possible  (Long,  1983). 
Parameter  estimation  is  accomplished  by  the  computer  program  LISREL 
(Joreskog  and  Sorbom,  1984),  Estimates  are  obtained  according  to  the 
maximum  likelihood  (ML)  criterion.  The  advantages  of  ML  estimates  are 
that  they  are  approximately  unbiased,  have  sampling  distributions  as 
small  as  any  other  possible  estimates,  are  approximately  normally 
distributed,  and  are  scale  invariant  (Long,  1983a).  Since  these 
properties  are  asymptotic.  It  follows  that  the  larger  the  sample  size, 
the  better. 

Once  the  model  has  been  estimated,  it  must  be  assessed  for  goodness 

of  fit.  Assessment  of  fit  involves  testing  the  statistical  significance 

of  individual  parameters  (with  z  statistics),  and  the  overall  fit  of 

the  model  (with  a  chi-square  test).  Significance  of  a  portion  of  the 

model,  for  example,  that  trait  and  method  factors  are  correlated,  is 

2  2 

tested  by  comparing  the  X  of  the  first  model  to  the  X  of  a  second 
(nested)  model  in  which  trait  and  method  correlations  are  constrained 
to  equal  zero. 


■'V 
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5.  Summary 

The  output  of  the  LISREL  program  will  include  ML  estimates  of  the 
parameters  in  the  eight  matrices,  standardized  estimates  of  these 
parameters,  standard  errors  of  the  estimates  of  parameters,  z  values  as 
tests  of  significance  that  each  parameter  Is  different  from  zero,  and 
modification  indices  for  parameters.  The  output  also  provides  a 
chi-square  test  of  the  goodness  of  fit  of  the  model,  a  correlation 
matrix  of  latent  variables,  and  a  variety  of  additional  optional 
information.  If  the  overall  chi-square  value  is  significant,  it 
indicates  that  the  data  are  significantly  different  from  the  model; 
thus,  the  hypothesis  that  the  proposed  model  could  have  produced  the 
data  must  be  rejected.  Generally,  the  next  step  is  to  test  another 
model,  one  based  on  Information  gained  from  the  first  analysis. 

IV.  DESCRIPTION  OF  MULTITRAIT-MULTIMETHOD  MODEL  OF  RATINGS 

1.  Assumptions 

There  will  be  four  types  of  rating  scales  and  three  sources  cf 
ratings.  Task  Level,  Dimension  Level,  Global  Level,  and  AF  Level 
ratings  will  be  completed  by  Supervisor,  Self,  and  Peer.  One  summary 
rating  will  be  obtained  from  each  scale  type  and  source  combination, 
yielding  12  scores  per  incumbent.  In  the  event  that  more  than  one 
supervisor  or  peer  completes  the  ratings  for  a  given  incumbent,  scores 
will  be  averaged  to  derive  a  single  value  from  that  source.  This  will 
produce  a  12x12  correlation  matrix  (4  scales  by  3  sources),  based  on  a 
sample  of  N  incumbents.  Method  and  trait  effects  are  assumed  to  be 
additive  and  linear,  and  all  other  effects  are  essentially  random 
(Alwin,  1974).  For  this  discussion,  sources  will  be  assumed  to  be 
analogous  to  traits  In  MTMM  terminology,  and  scales  will  correspond  to 
methods. 

2.  Research  Questions 

The  analyses  described  below  will  answer  the  following  questions; 
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a.  To  what  extent  does  variance  in  the  12  measured  variables 

reflect  the  effects  of  latent  scale  and  source  variables?  Are 
supervisor,  self,  and  peer  sources  identifiable  as  distinct  latent 

variables?  Are  task,  dimension,  global,  and  AF  rating  methods 

distinguishable  as  separate  latent  variables? 

b.  To  what  extent  are  the  latent  source  variables  intercorrelated 
(i.e.,  with  other  sources  of  variance  removed)? 

c.  To  what  extent  are  the  latent  rating  method  variables 
intercorrelated  (i.e.,  with  other  sources  of  variance  removed)? 

d.  To  what  extent  are  source  and  method  factors  intercorrelated 
(i.e.,  with  other  sources  of  variance  removed)? 

In  summary,  the  analyses  will  reveal  the  extent  to  which  source  and 

method  factors  contribute  to  observed  scores,  and  the  extent  to  which 
latent  factors  are  related  to  one  another.  The  results  may  also 
indicate  that  latent  variables  are  not  present  as  defined  by  the 
model.  For  instance,  it  may  be  determined  that  supervisors  and  peers 
are  not  distinctly  different  sources  of  variance,  necessitating 
creation  of  a  new  latent  variable  in  the  model  called  "ratings  by 
others." 

3.  The  Model 


Figure  3  presents  a  Multitrait-Multimethod  (MTMM)  Confirmatory 
Factor  Analysis  (CFA)  model  for  the  variance  components  of  the  observed 
scores  from  three  rating  sources  on  four  types  of  rating  scales.  The 
model  represents  each  observed  scores  (x.)  as  comprising  variance  due 
to  source,  method,  and  unique  or  error  variance. 

The  LISREL  program  used  to  test  the  model  will: 

a.  provide  standardized  maximum  likelihood  estimates  of  model 
parameters; 


b.  provide  tests  of  significance  for  each  parameter; 


c.  provide  a  test  of  fJ‘  of  the  overall  model  to  the  data; 

d.  provide  a  correlation  matrix  of  the  task  and  method  factors. 

These  results  will  permit  conclusions  about  the  convergent  and 
discriminant  validity  of  the  measurement  of  job  performance. 

V.  DESCRIPTION  OF  MULTITRAIT-MULTIMETHOD  MODEL  OF  FIVE  "CORE11  TASKS 


1.  Assumptions 

There  will  be  five  "core"  tasks  that  will  be  assessed  by  means  of 
Walk-Through-Hands  On,  Walk-Through-Interview,  Task  Level  Ratings  by 
Supervisor,  Task  Level  Ratings  by  Self,  and  Task  Level  Ratings  by 
Peer.  This  will  yield  a  25x25  correlation  matrix  resulting  from  five 
traits  (tasks)  measured  by  five  methods.  For  each  task  and  method 
combination,  a  single  summary  score  will  be  obtained  or  derived  for 
each  job  incumbent.  Method  and  trait  effects  are  assumed  to  be 
additive  and  linear,  and  all  other  effects  are  essentially  random 
(Alwin,  1974). 

2.  Research  Questions 


The  analyses  described  below  will  answer  the  following  questions: 

a.  Do  the  25  measured  variables  ( x-|  to  x«g)  adequately 
measure  the  five  latent  task  variables?  Stated  another  way,  do  the 
data  support  a  model  which  holds  that  the  25  observed  variables  are 
produced  in  part  by  five  unobserved  task  variables?  Results  which 
answer  this  question  will  indicate  both  convergent  and  discriminate 
validity. 


b.  Do  the  25  measured  variables  reflect  the  effects  of  five 
latent  method  factors  (i.e.,  WTPT-Hands  On,  WTPT-Interview,  Supervisory 
Ratings,  Self  Ratings,  Peer  Ratings)  as  specified  by  the  model? 
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c.  To  what  extent  are  the  latent  task  variables  intercorrelated 
(i.e.,  with  other  sources  of  variance  removed)? 

d.  To  what  extent  are  the  latent  methods  factors  intercorrelated 
(i.e.,  with  other  soures  of  variance  removed)? 

e.  To  what  extent  are  task  and  method  latent  variables 
intercorrelated  (i.e.,  with  other  sources  of  variance  removed)? 

In  summary,  the  analyses  will  reveal  the  extent  to  which  five  tasks 
have  actually  been  measured,  the  extent  to  which  the  techniques  of 
measurement  contribute  variance  to  tne  observed  scores,  and  the  extent 
to  which  the  task  and  method  latent  variables  are  interrelated. 

3.  The  Model 


Figure  4  presents  a  Multitrait-Multimethod  (MTMM)  confirmatory 
factor  analysis  (CFM)  model  for  the  variance  components  of  the  observed 
scores  on  five  "core"  tasks  as  measured  by  five  methods.  The  model 
represents  each  observed  score  (x.)  as  comprising  variance  due  to 
task,  method,  and  unique  or  error  variance. 

The  LISREL  program  used  to  test  the  model  will: 

a.  provide  standardized  maximum  likelihood  estimates  of  model 
parameters; 

b.  provide  tests  of  significance  for  each  parameter; 

c.  provide  a  test  of  fit  of  the  overall  model  to  the  data; 

d.  provide  a  correlation  matrix  of  the  task  and  method  factors. 

These  results  will  permit  conclusions  about  the  convergent  and 
discriminant  validity  of  the  measurement  of  job  performance. 


VI.  RECOMMENDATIONS 


It  is  recommended,  first  of  all,  that  the  analyses  described  herein 
be  the  primary  data  analyses  for  the  jet  engine  mechanic  data  set. 
Given  the  need  to  explicate  the  criterion  space,  covariance  structure 
modeling  is  the  only  analysis  technique  capable  of  doing  so  for  a 
project  of  this  magnitude.  The  project  and  analyses  represent 
potentially  important  contributions  to  uur  understanding  of  job 
performance  measurement,  and  of  covariance  structure  modeling  as  a 
means  of  exploring  construct  validity. 

A  second  recommendation  is  that  the  AF  Human  Resources  Laboratory 
acquire  the  LISREL  computer  program  needed  for  covariance  structure 
modeling.  The  program  is  essential  to  the  Performance  Measurement 
Project,  and  will  undoubtedly  serve  many  other  HRL  research  projects  in 
the  years  to  come  as  well. 

A  third  recommendation  concerns  assessment  of  the  relative  costs 
and  benefits  of  the  Performance  Measurement  Project  components.  Upon 
completion  of  work  on  the  Jet  Engine  Mechanic  Specialty,  work  will 
commence  on  performance  measurement  for  seven  additional  specialties. 
It  is  important  to  know  whether  each  of  the  performance  measures  is  a 
good  measure,  and,  perhaps  more  importantly,  whether  it  is  worth  the 
cost  of  using  it.  The  construct  validity  analyses  described  in  this 
report  will  provide  some  of  the  information  needed  to  assess  the 
relative  costs/benefits  of  each  measure,  but  more  information  is  needed 
for  a  complete  analysis.  Since  the  project  will  produce  performance 
measures  tnat  will  be  subsequently  used  to  validate  other  personnel 
management  practices  (e.g.,  placement  via  ASVAB  scores),  a  larger 
question  concerns  the  utility  (i.e.,  gain  in  productivity)  resulting 
from  the  use  of  these  practices.  This  researcher  will  propose  to 
survey  the  methods  available  for  cost/benefits  and  utility  analyses, 
and  to  adapt  these  techniques  for  use  in  this  project.  This  proposal 
will  be  submitted  to  SCEEE  for  follow-up  research  monies  through  the 
RISE  program. 
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LAMINARIZATION  IN  HIGHLY  ACCELERATED  FLOW 


by 

Brian  Vick 
ABSTRACT 

In  the  presence  of  severe  streamwise  accelerations,  such  as  encoun¬ 
tered  in  rocket  nozzles  and  in  flow  over  turbine  blades,  initially 
turbulent  boundary  layers  can  undergo  a  reverse  transition  towards  a 
laminar  state*  This  phenomenon  of  flow  laminarization  has  not  been 
adequately  accounted  for  in  the  current  schemes  (TDK/BLM)  used  to  pre¬ 
dict  rocket  nozzle  performance  and  thus  forms  the  subject  of  this  inves¬ 
tigation.  Despite  the  existance  of  important  applications,  basic  infor¬ 
mation  on  laminarization  is  scarce  with  only  a  very  few  experimental 
results  and  some  rather  inconclusive  theoretical  studies  available  in 
the  literature.  In  the  present  investigation  the  existing  state  of 
knowledge  is  examined  and  a  plan  of  attack  to  bring  the  complex  pheonom- 
enon  of  flow  laminarization  onto  a  solid  theoretical  foundation  is 
outlined. 
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NOMENCLATURE 


damping  constant 


friction  factor 


Stanton  number 


total  enthalpy 
mixing  length 

V2 (u' 2  +  v'2+  w'2)  “  turbulence  kinetic  energy 
v  du 

-5.  — £.  -  acceleration  parameter 
2  dx 
u 

e 

parameter  defined  by  eq.  (8c) 

Prandtl  number 
radial  coordinate 
heat  transfer  rate 
temperature 
mean  x-velocity 


mean  y-velocity 
axial  coordinate 
transverse  coordinate 


INTRODUCTION 


This  Investigation  concerns  the  behavior  of  turbulent  boundary 
layers  which  experience  reverse  transition  toward  laminar  flow  under 
conditions  such  as  3trong  streamwise  pressure  gradients.  Such  an  effect 
could  exist  under  conditions  experienced  in  rocket  nozzles,  in  flow  over 
turbine  blades,  on  external  flow  over  surfaces  of  aerodynamic  vehicles, 
in  high  temperature  gas  cooled  nuclear  reactors  and  in  a  variety  of 
turbomachinery  applications.  Particular  interest  concerns  cooled  rocket 
nozzles,  where  laminarizatlon  could  reduce  both  friction  drag  and  heat 
transfer  in  regions  of  strong  streamwise  flow  acceleration.  In  rocket 
nozzles  such  as  the  LSSCDS  which  is  under  consideration  for  u3e  in 
orbital  transport  vehicles,  the  reduction  in  frictional  drag  in  a  lami- 
narizing  boundary  layer  is  advantageous  but  probably  accounts  for  only  a 
small  percent  difference  in  specific  thrust  as  compared  to  a  fully 
turbulent  boundary  layer,  however,  the  reduction  in  heat  transfer  could 
cause  excessively  high  temperatures  in  the  throat  region  and  could  lead 
to  serious  design  difficulties. 

The  occurrence  of  laminarizatlon  involves  a  complex  interrelation¬ 
ship  among  many  parameters,  however,  any  condition  which  tends  to 
straighten  out  the  flow  field  or  reduce  the  turbulence  will  cause  a 
turbulent  flow  to  experience  a  reverse  transition  towards  the  laminar 
state.  A  strong  favorable  streamwise  pressure  gradient  tends  to  reduce 
the  turbulent  fluctuations  in  the  flow  direction  and  is  a  commonly 
occurring  cause  of  laminarizatlon.  However,  other  effects  such  as  com¬ 
pressibility  can  also  assist  the  laminarizatlon  process.  For  instance, 
in  gas  flow  with  wall  cooling,  the  flow  tends  to  accelerate  in  the 
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3treaawise  direction  cowards  regions  of  denser  fluid,  thus  reducing  the 
turbulence.  Also  a  cooled  wall  with  curvature  such  as  found  In  rocket 
nozzles  will  tend  to  stratify  the  cold,  denser  fluid  against  the  walls 
and  thus  suppress  the  turbulence  In  the  transverse  direction;  an  effect 
analogous  to  a  centrifugal  separator.  Centrifugal  acceleration  has  a 
similar  effect  as  gravitational  acceleration  with  either  effect  capable 
of  Intensifying  or  reducing  the  level  of  turbulence.  Indeed  there  are 
ocher  physical  effects  which  could  cause  laminarlzation,  such  as  natural 
convection,  wall  heating,  or  wall  Injection  or  suction.  This  investiga¬ 
tion  will  center  around  situations  Involving  streamwise  flow  accelera¬ 
tion  caused  by  strong  pressure  gradients  since  this  Is  the  dominant 
cause  of  flow  laminarlzation  for  applications  of  Interest,  such  as  In 
rocket  nozzles. 
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OBJECTIVES 


This  investigation  focuses  on  flow  laminarlzation  as  it  effects 
boundary  layer  predictions.  Motivation  for  the  investigation  originated 
from  a  need  by  the  AFRPL  to  obtain  better  performance  predictions  in 
rocket  nozzles.  In  particular,  the  large  space  system  cryogenic  devel¬ 
opment  system  (LSSCDS)  engire,  which  is  a  high  area  ratio  (1230  to  1) 
low  thrust  (500  lbj)  expander  cycle  engine,  is  currently  being  consi¬ 
dered  for  use  as  an  orbital  transfer  vehicle  (OTV).  This  particular 
application  has  brought  to  light  the  Interesting  and  little  understood 
pheonoraenon  of  reverse  transition  for  which  the  modified  mixing  length 
turbulence  model  currently  used  in  performance  prediction  codes  (BLM)  is 
unable  to  adequately  deal  with.  As  a  result  the  objective  of  thi3 
investigation  is  to  study  the  physical  effects  causing  laminarlzation, 
to  determine  the  parameters  indicating  the  relative  importance  of  re¬ 
verse  transition  and  to  look  at  analytical  models  capable  of  accurately 
predicting  this  complex  phenomenon. 
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LITERATURE  REVIEW 

Turning  our  attention  to  the  literature,  we  find  that  an  overwhelm¬ 
ing  and  rapidly  Increasing  amount  of  Information  can  be  found  concerning 
fluid  mechanics  and  convective  heat  transfer.  However,  basic  informa¬ 
tion  on  turbulent  flows  that  experience  a  severe  flow  acceleration  and 
thermal  environment  leading  to  laminarizatlcn  is  scarce. 

Evidence  of  transition  from  turbulent  to  laminar  flow  of  gases  In 
tubes  due  to  wall  heating  was  presented  In  references  [1,2]  while  re- 
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verse  transition  due  to  fluid  Injection  at  the  surface  [3,4]  has  also 
been  investigated.  The  nature  and  basic  structure  of  a  turbulent  flow 
under  the  influence  of  strong  favorable  pressure  gradients  has  been 


examined  in  references  [5-8].  Results  indicate  that  the  longitudinal 
velocity  fluctuations  and  skin  friction  decrease  and  that  significant 


departures  from  the  universal  "law  of  the  wall"  occur  in  regions  of 
strong  favorable  pressure  gradients.  An  interesting  set  of  experiments 
was  performed  by  Moretti  and  Kays  [9]  where  the  effects  of  flow  acceler¬ 
ation  and  wall  temperature  on  the  Stanton  number  was  investigated.  Here 
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the  acceleration  parameter 


K  »  —  — — 

2  dx 
u 

e 


was  introduced  and  found  to  be  a  useful  indication  of  laminarization, 
although  a  correlation  based  on  K  alone  was  not  possible.  The  results 
of  [9]  as  well  as  the  acceleration  parameter  will  be  elaborated  on  in 
later  sections. 
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A  series  of  experimental  studies  into  flov  phenomena  and  laalnariz- 
atlon  in  nozzles  were  performed  by  Back,  Massier,  and  Cuff el  [10-15]. 
These  works  contain  the  most  definitive  data  available  for  nozzles  and 
the  results  of  [14]  will  form  the  basis  for  comparisons  with  existing 
computer  codes  presently  used  for  theoretical  predictions,  since  this 
work  involves  boundary  layer  and  heat  transfer  measurements  in  a  conver¬ 
gent-divergent  nozzle  with  high  accelerations  and  wall  cooling.  Al¬ 
though  a  few  other  experiments  have  been  performed  [16,17],  the  avail¬ 
able  data  is  generally  insufficient  for  any  extensive  theoretical  com¬ 
parison  or  for  gaining  a  thorough  understanding  into  the  effects  of 
lamlnarlzatlon  for  most  applications  of  interest. 

Hie  literature  contains  several  theoretical  works  [18-26]  in  which 
various  approaches  have  been  applied  and  comparisons  with  experiments 
have  been  made.  Deissler  [18]  considers  an  incompressible  boundary 
layer  and  uses  simplified  equations  for  the  Reynolds  shear  stre-'s  and 
turbulent  heat  transfer  leading  to  values  which  remain  frozen  as  they 
are  convected  along  streamlines.  The  results  presented  are  in  fair 
agreement  with  data  from  [9]  but  the  results  have  acceptable  accuracy 
only  during  the  early  or  intermediate  development  of  highly  accelerated 
flow,  since  strong  acceleration  tends  to  dimin.sh  the  Reynolds  stress 
and  turbulent  heat  transfer  in  a  turbulent  boundary  layer.  An 
asymptotic  theory,  constructed  for  large  values  of  a  pressure  gradient 
parameter,  has  been  attempted  [19]  but  appears  to  have  difficulty  with 
the  viscous  sublayer,  which  limits  the  applicability  of  the  approach 
when  lamlnarlzatlon  is  in  progress.  Integral  forms  of  the  boundary 
layer  equations  are  considered  in  [20]  under  restricted  boundary 


conditions  which  lend  themselves  to  a  convenient  similarity  analysis* 
The  results  indicate  that  for  accelerating  turbulent  boundary  layers, 
the  thickness  of  the  thermal  layer  may  exceed  that  of  the  velocity  layer 
which  causes  the  Stanton  number  to  decrease*  The  case  under 
consideration,  however,  is  too  specialized  to  allow  for  general 
conclusions  or  for  an  extension  of  the  mathematical  analysis  to  more 
general  problems. 

The  theoretical  models  presented  in  references  [21-25]  will  be 
examined  in  subsequent  sections.  Briefly  they  include  a  simplified 
model  using  a  completely  laminar  sublayer  near  the  wall  and  turbulent 
wake  region  [21],  a  model  governed  by  the  integral  form  of  the  turbu¬ 
lence  kinetic  energy  equation  [22],  a  two-equation  turbulence  model  [23- 
24]  and  an  analysis  requiring  the  solution  of  approximated  transport 
equations  for  the  turbulent  shear  stress,  turbulent  kinetic  energy,  and 
energy  dissipation  rate  [25].  The  merits  of  the  various  approaches  as 
well  as  a  critical  examination  of  the  current  prediction  methods  will 
now  be  examined. 
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BOUNDARY  LAYER  EQUATIONS 

The  boundary  layer  equations  of  a  steady,  compressible  fluid  for 
both  laminar  and  turbulent  axlsymmetrlc  flow  are  well  known  and  can  be 
written  as 

Continuity 

-g£(purk)  +  -  0  (2) 


Momentum 


?u  — du 

3^+  pvS7 


du  ,  . 

c  .  1  ^  r  k,  5u  y  i  \ ) 

p  u  — r~  +  —r  ~  [r  (trr-  "  pu  v' )  ] 
'e  e  d.:  fk  dy  dy 


(3) 


Energy 


6H  +-^li  .i_A.  {r^(ii-ja+  „(1 

ax  pvay  rk  ay  ir  ' Pr  dy  W 


-  ~)  u  -  pH'v')}  (4) 

Pr  dy  ^ 


where  k  *  1  for  axlsymmetrlc  flows,  k  *  0  for  two-dimensional  flows  and 
r(x)  ■  rQ(x)  +  y  cos <p.  The  edge  velocity,  u&  is  determined  from  the 
external  potential  flow  solution  and  Is  considered  as  a  known  Input. 
Boundary  layer  equations  (2-4)  accurately  model  many  flow  situations 
encountered  In  practice.  Including  rocket  nozzles. 

Equations  (2-4)  require  an  initial  condition  and  boundary  condi¬ 
tions  which  are  taken  as 

u“0,v“0,y*0 

T  -  Tw(x)  or  q  -  qy(x)  ,  y  *  0  (5a) 

(5b) 

Equations  (2-5)  comprise  a  formidable  set  of  non-linear  coupled 
partial  differential  equations.  The  major  difficulty  Is  the  fact  that 
they  do  not  form  a  closed  set  since  we  have  no  way  of  relating  the 


u-ue,H-Hg,y-6 


145-12 


■m«ji  ■  i  'ywww w *•'*.  vj  fv***  '■*.'  y  ■,»  ■  »■■!  m  m w 


■i'JW’.'V  'yj'"  vj« 


T 


Reynolds  stress,  pu'v',  and  turbulent  heat  flux,  pH’v’ ,  to  the  mean  flow 
quantities  through  either  first  principles  or  universally  valid  postu¬ 
lates.  Much  work  in  turbulent  modeling  has  been  performed  in  order  to 
remedy  this  situation  but  no  model  has  been  able  to  predict  ail  situa¬ 
tions  of  interest  and  at  the  present  we  are  happy  to  have  any  model 
which  is  able  to  accurately  predict  even  a  limited  class  of  flow  situa¬ 
tions.  One  particularly  difficult  situation  involves  flow  under  strong 
favorable  pressure  gradients  which  motivates  the  present  investigation. 
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PRESENT  TURBULENCE  MODEL 


Performance  predictions  in  rocket  nozzles  presently  consist  of  an 
inviscid  core  flow  solution  known  as  the  Two-Dimensional  Kinetics  Compu¬ 
ter  Program  (TDK,  reference  {26 ] >  which  is  integrated  with  a  boundary 
layer  code  known  as  the  Boundary  Layer  Analysis  Module  (BLK,  reference 
[27 J).  The  procedure  consists  of  running  TDK  with  the  desired  geometry 
and  chamber  conditions  and  using  the  solution  as  the  freestream  condi¬ 
tions  needed  to  run  BLM.  Once  BLM  has  been  run  a  displaced  wall  can  be 
calculated  in  order  to  determine  a  more  accurate  inviscid  shape  with 
which  to  rerun  TDK. 

BLM  models  the  flow  field  using  eqs.  (2-5)  with  the  possibility  of 
mass  transfer  at  the  wall  included.  After  transformation  of  variables 
the  Keller  Box  Method  [28]  is  employed  to  solve  the  equations. 

The  key  ingredient  for  accurate  predictions  in  boundary  layers  is 
the  choice  of  the  turbulence  model.  BLM  uses  the  concepts  of  eddy 
viscosity  and  turbulent  Prandtl  number  given  as 


du 

pEm  dy 


pH  v  *  pp^-^ 


m 

dy 


(6) 


A  constant  value  of  Pr£  ■  0.9  is  used  along  with  the  eddy  viscosity 
formulation  due  to  Cebeci  and  Smith  given  by 


r  2 

L  du 
v  dy  tr 


m 


0.0168 


/  l(“  “  u )  I  Hy  YY, 


tr 


y  <  y„ 


y  >  y. 


(7) 
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where 


(8a) 

(8b) 

(8c) 

(8d ) 


T - 5 - 6  (9) 

1  +  5.5(y/6; 

and  YCr  13  a  parameter  that  accounts  for  the  transition  region  which 
exists  between  laminar  and  turbulent  flow  and  the  value  of  yc  is  deter¬ 
mined  by  requiring  continuity  of  the  function  e+. 

m 

The  eddy  viscosity  model  given  by  eq.  (7)  consists  of  an  inner 
region  defined  by  a  modified  mixing  length  expression  and  an  outer 
region  based  on  the  velocity  deficit.  The  mixing  length  expression  (8a) 
is  an  extension  of  the  well  known  Van  Driest  model  which  is  obtained  by 
replacing  the  damping  parameter  A  of  eq.  (8b)  by  the  expression 


A  -  26 


v 

e 

u 

T 


(10) 
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For  incompressible,  flat  plate  flow  (dP/dx  -  0)  with  no  heat  or  mass 
transfer  the  Van  Driest  model  has  met  with  considerable  success. 
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Encouraging  results  obtained  from  the  Van  Driest  model  motivated 
the  extension  to  compressible  flow  with  pressure  gradients  and  heat 
transfer  as  described  in  eqs.  (8a-8d).  For  the  case  of  incompressible 
flow  with  zero  pressure  gradient,  expression  (8b)  for  the  damping  param¬ 
eter  A  reduces  to  expression  (10).  However,  since  an  eddy  viscosity 
model  using  a  mixing  length  concept  as  described  by  eqs.  (8a-8d)  has  no 
rigorous  physical  justif icat '.on  (see  reference  (29],  pp.  215-217),  it 
remains  to  be  seen  how  well  it  stands  up  against  experimental  data. 

A  thorough  testing  for  a  wide  variety  of  situations  is  not  possible 
since  data  under  conditions  of  laminarization  is  quite  limited.  The 
most  definitive  experimental  data  seems  to  be  that  of  Back,  Cuff el  and 
Massier  (14]  where  boundary  layer  and  heat  transfer  measurements  for  air 
flow  in  a  convergent-divergent  nozzle  with  wall  cooling  were  performed. 

In  the  descriotion  of  BLM(27]  a  plot  comparing  Back’s  nozzle  [14] 
with  corresponding  BLM  predictions  was  presented  and  is  reproduced  as 
Fig.  1  in  this  work.  The  acceleration  parameter,  K,  is  shown  in  Fig.  2 
for  the  conditions  corresponding  to  Fig.  1  (P£  -  150.5  psia,  T£  - 
1500°R)  along  with  plots  for  a  number  of  lower  pressures.  Fig.  1 
clearly  shows  appreciable  error  in  the  predicted  values  of  the  Stanton 
number  which  would  in  turn  lead  to  significant  errors  in  predicted 
values  for  heat  flow  rates  and  temperatures  in  the  nozzle.  In 
particular,  the  predicted  values  are  significantly  higher  than  the 
experimentally  measured  values,  indicating  that  in  a  flow  with  strong 
streamwise  accelerations,  the  turbulent  boundary  layer  is  indeed 
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reverting  towards  a  laminar  state  and  that  a  fully  turbulent  model 
cannot  possibly  follow  such  trends. 

Since  the  conditions  of  Fig.  1  correspond  to  the  pressure  giving 
the  lowest  value  of  the  acceleration  parameter  shown  in  Fig.  2,  the 
logical  question  is  whether  even  more  deviation  from  experiment  would  be 
encountered  at  pressures  corresponding  to  even  higher  values  of  the 
acceleration  parameter,  such  as  the  curve  for  *  20  psia  in  Fig.  2. 
This  matter  was  brought  up  at  the  5  week  point  of  the  author's  10  week 
appointment  at  the  AFRPL.  At  the  time  of  this  writing  the  TDK/BLM  code 
has  still  not  been  able  to  successfully  produce  results  for  the  geometry 
and  flow  conditions  of  Back's  nozzle.  A  succession  of  computer  bombs 
have  resulted  as  a  result  of  such  things  as  bad  documentation  and  gas 
property  tables  which  do  not  extend  to  low  enough  temperatures.  Another 
error,  however,  has  been  encountered  which  deserves  consideration  since 
it  relates  directly  to  the  eddy  viscosity  model  used  in  BLM.  This 
concerns  situations  where  the  flow  acceleration  is  so  high  that  the  term 
P+  of  eq.  (8d)  becomes  so  large  that  the  value  of  in  eq.  (8c)  becomes 
negative  and  when  the  square  root  is  attempted  for  use  in  eq.  (8b),  the 
computer  code  immediately  grinds  to  a  halt.  The  conclusion  of  these 
findings  is  that  the  eddy  viscosity  model  of  eqs.  (8a-d)  which  has  no 
rigorous  physical  justification,  also  produces  severe  error  in  regions 
of  moderate  flow  acceleration  as  shown  in  Fig.  1,  and  produces 
mathematical  nonsense  (square  roots  of  negative  numbers)  in  regions  of 
severe  flow  acceleration.  Thus,  improved  models  are  needed  if  accurate 
predictions  are  to  be  made  for  boundary  layers  under  high  favorable 
streamwise  pressure  gradients. 
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In  order  Co  assess  Che  relacive  degree  of  laminarizatlon  on  a 
parcicular  flow,  we  need  co  quanitfy  a  parameter  or  group  of  paramecers 
which  IndicaCe  Chis  phenomenon.  Reference  [14]  shows  chac  Che  accelera- 
Cion  paramecer,  K,  Is  a  useful  buC  noC  direcC  lndlcaClon  and  proceeds  Co 
show  chac  Che  comblnaCion  If./ (C^/2)^^2  may  be  a  beCCer  direcC  lndlcaClon 
of  laminarlzacion.  Fig.  7  of  reference  [14]  is  Included  as  Fig.  3  In 
Che  presenc  work  and  shows  thac  for  values  of  K/(Cj/2)^'2  >  0.40,  che 
velocicy  profiles  resemble  more  closely  a  laminar  as  opposed  Co  a  turbu- 
lenc  flow,  especially  near  Che  wall. 

While  Che  Reynolds  numbet  gives  good  indlcadons  of  a  laminar  to 
turbulent  transition.  It  seems  to  be  a  misleading  Indication  of  reverse 
cransition  since  signs  of  laminarizatlon  can  appear  at  surprisingly  high 
Reynolds  numbers.  Parameters  such  as  K,  K/CC^/2)^2  or  K/(C^/2)  appear 
to  give  better  Indications  and  further  Investigation  needs  to  be 
conducted  in  order  for  engineers  and  designers  to  assess  che  Importance 
of  laminarizatlon  In  terms  of  quatified  parameters. 
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Since  the  eddy  viscosity  model  described  by  eqs.  (7-9)  appears  to 
give  predictions  which  are  significantly  in  error  for  situations  involv¬ 


ing  reverse  transition,  alternative  models  are  considered. 

Laminar  Sublayer  Model 

Since  the  mechanism  by  which  turbulence  is  produced  in  the  wall 
vicinity  is  apparently  suppressed  in  accelerating  flows,  a  turbulence 
model  consisting  of  a  completely  laminar  sublayer  region  near  the  wall 
and  a  turbulent  wake  region  away  from  the  wall  is  considered  [21].  The 
mathematical  description  is 


0.018 


(u  -  u)  dy 
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0  <  y+  <  20 
y+  >  20 


(ID 


Although  the  model  has  appeal  because  of  its  simplicity  and  gives 
results  which  are  in  fair  agreeemnt  for  incompressible  flow,  the  main 
issue  of  concern  is  merely  being  avoided.  A  turbulent  boundary  layer 
under  high  acceleration  does  not  suddenly  revert  to  a  laminar  flow  but 
instead  goes  through  a  gradual  reverse  transition  where  it  begins  to 
show  the  characteristics  of  a  laminar  flow.  An  eddy  viscosity  model  as 
described  in  eq.  (11)  may  be  useful  for  some  initial  estimates  because 
of  its  simplicity  but  cannot  possibly  incorporate  the  physical  effects 
or  give  accurate  predictions  for  complex  flows.  Therefore  the  model  is 
not  considered  sufficient  for  obtaining  accurate  calculations  required 
for  applications  such  as  high  performance  rocket  nozzles. 


Two-Equation  Model 

The  two-equation  turbulence  model  Involves  solving  transport  equa¬ 
tions  for  two  scalar  properties,  namely  the  turbulence  energy  and  energy 
dissipation,  from  which  characteristic  velocity  and  length  scales  may  be 
deduced.  The  technique  retains  the  notion  of  eddy  viscosity  and  turbu¬ 
lent  Prandtl  number  given  by  eq.  (6),  but  Instead  of  directly  postulat¬ 
ing  a  form  for  e+  such  as  eq.  (7),  transport  equations  for  the  turbu- 
m 

lence  kinetic  energy  and  energy  dissipation  are  solved  from  which  the 
eddy  viscosity  is  formed.  The  form  used  by  Jones  and  Launder  [23,24] 
was  developed  for  incompressible  flow  and  is  given  as 


Turbulent  viscosity  hypothesis 
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The  c's  and  3's  in  Che  above  equations  were  assigned  as  constants  and 
the  f's  were  assigned  as  functions  of  k  and  e.  A  sample  of  the  results 
obtained  with  this  model  are  presnted  on  Fig.  4  where  a  comparison  with 
the  data  of  Moretti  and  Kays  19]  is  shown.  We  see  that  the  theoretical 
predictions  using  the  two-equation  model  are  able  to  follow  the  experi¬ 
mentally  observed  dip  in  the  Stanton  number  in  the  regions  of  high  flow 
acceleration  while  the  mixing  length  model  does  not. 

Although  the  mixing  length  concept  has  been  employed  to  provide 
accurate  predictions  for  a  wide  variety  of  boundary  layer  flows,  it  may 
plausibly  be  argued  that  for  complex  flows  a  mixing  length  hypothesis 
will  never  provide  the  degree  of  predictive  accuracy  a  designer  needs. 
However,  one  should  interpret  the  encouraging  looking  results  of  Fig.  4 
with  cautior.  since  the  model  described  by  eqs.  (12)-(14)  has  been  tay- 
lored  specifically  to  treat  high  acceleration  flows.  This  is  an  una¬ 
voidable  difficulty  with  all  turbulence  models,  however,  since  all  must 
eventually  rely  on  some  degree  of  empiricism  in  order  to  close  the  equa¬ 
tions.  Nevertheless,  the  type  of  modeling  presented  here  appears  to 
have  promise  for  extension  to  a  variety  of  applications  including  com¬ 
pressible,  high-speed  flows  in  rocket  nozzles. 
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Integral  Equation  Model 

The  only  analysis  available  in  the  literature  which  is  designed  to 
handle  compressible  flow  under  strong  favorable  pressure  gadients  is  the 
work  of  Kreskovsky  et  al.  [22].  Here  the  concepts  of  eddy  viscosity  and 
turbulent  Prandtl  number  (eqs.  (6))  are  retained  but  the  analysis  uses 
the  turbulence  kinetic  energy  equation  along  with  an  integral  form  of 
the  turbulence  kinetic  energy  and  some  empirically  assigned  parameters 
and  correlations  to  arrive  at  a  complete  description  of  the  turbulence. 

The  results  in  [22]  were  compared  with  the  results  of  Moretti  and 
Kays  [9]  as  shown  in  Fig.  5  and  clearly  do  not  follow  the  data  as  close¬ 
ly  as  the  Jones-Launder  model  [23,24]  in  regions  of  strong  flow  acceler¬ 
ation.  The  integral  form  adopted  in  reference  [22]  is  computationally 
more  convenient  than  the  two-equation  model  but  cannot  be  expected  to 
give  as  accurate  results  and  thus  is  not  recommended  over  the  analysis 


of  the  previous  section. 


SUMMARY  AND  CONCLUSIONS 

A  need  for  improved  performance  predictions  in  rocltet  nozzles 
brought  up  the  question  as  to  the  influence  of  strong  favorable  pressure 
gradients  leading  to  a  reversion  of  initially  turbulent  flow  towards 
laminar  state.  The  investigation  revealed  the  following: 

Nature  of  Laminarization 

Several  effects  including  severe  streaowise  acceleration  tend  to 
break  down  a  turbulent  boundary  layer,  even  at  quite  high  Reynolds 
number.  Boundary  layer  measurements,  when  viewed  in  conjunction  with 
heat  transfer  measurements,  reveal  the  complex  nature  of  the  flow  and 
thermal  behavior  and  their  complicated  interrelationship  when  laminari- 
zation  occurs.  Quite  different  considerations  govern  the  onset  of 
normal  and  reverse  transition  since  the  fc.mer  depends  on  the  nature  of 
laminar  flow  and  of  any  disturbance  that  may  be  present  while  the  latter 
depends  on  the  nature  of  fully  developed  turbulent  flow.  Thus  any 
analysis  on  the  difficult  topic  of  normal  transition  becomes  inappropri¬ 
ate  when  dealing  with  the  doubly  difficult  subject  of  reverse  transi¬ 
tion.  As  a  result  the  mechanism  and  basic  nature  of  the  laminarization 
process  is  still  a  controversial  issue. 

Parameters  Indicating  Laminarization 

While  normal  transition  is  indicated  quite  well  by  the  Reynolds 
number,  it  has  been  found  to  be  a  somewhat  misleading  quantity  since 
reverse  transition  has  been  observed  at  relatively  high  Reynolds  num¬ 
bers.  In  fact,  no  experimental  parameter  ha3  indicated  exactly  when 
laminarization  will  occur  but  a  fair  indication  seems  to  be  the  acceler¬ 
ation  parameter  [9,14]  where  laminarization  is  observed  for  values  of  K 
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greater  Chen  2  or  3  x  10”^.  However,  the  drop  in  Stanton  number  seam a 
to  lag  the  Initiation  of  high  values  of  K  and  a  more  direct  Indication 
of  the  reverse  transition  process  may  be  the  parameters  - rrpr  or 

K  (Cf/2) 

jg ~J2)  •  This  Issue  is  still  unresolved  and  requires  further  investi¬ 
gation. 

Turbulence  Models 


The  present  turbulence  model  used  in  TDK/BLM  is  a  modified  Van 
Driest  mixing  length  hypothesis.  It  has  no  rigorous  physical  justifies  • 
tion  and  as  demonstrated  in  Fig.  1  gives  inaccurate  predictions  in  high 
acceleration  flows.  The  most  promising  improvement  seems  to  lie  in  a 
higher  order  turbulence  model  such  as  the  two-equation  turbulence  model 
of  Jones  and  Launder  [23,24]  which  seems  to  produce  good  results  (See 
Fig.  4  and  5.)  when  applied  to  lmcompressible  flow.  It  is  believed  that 
modeling  of  this  type  should  be  extended  to  compressible  high  speed 
flows  since  it  has  greater  flexibility  to  include  the  dominant  physical 
effects  and  produce  more  accurate  results  than  a  mixing  length  type 
model. 
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RECOMMENDATIONS 


Results  of  the  present  Investigation  indicate  &  need  for  further 
study  in  the  following  areas. 

Quantify  Parameters  Indicating  Lamlnarlzatlon 

Since  the  present  turbulence  model  used  in  BLM  produces  reliable 
results  under  conditions  of  zero  or  modest  pressure  gradients,  there 
exists  a  need  to  quantify  the  parameters  indicating  laminarization  in 
order  for  designers  to  assess  when  the  phenomenon  should  be  consi¬ 
dered.  Thus,  a  thorough  investigation  into  the  importance  of  the 

K  K 

acceleration  parameter,  K,  and  the  quantities  - pjr  and  — -p?  should 

(cf/2)J/Z  Cf/Z 

be  undertaken  as  well  as  a  search  for  a  more1  significant  parameter 
indicating  the  breakdown  of  fully  turbulent  boundary  layers. 

Develop  Theoretical  Model 

Since  the  modified  mixing  length  expression  given  by  eqs.  (8a-d)  is 
unable  to  adequately  match  experimentally  observed  flow  conditions  under 
high  favorable  pressure  gradients,  a  more  rigorous  theoretical  model 
needs  to  be  developed.  The  most  promising  model  appears  to  be  a  two- 
equation  model  such  as  an  extension  of  the  Jones-Launder  model  [23,24] 
for  compressible,  high  speed  flows.  Since  a  theory  which  gives  good 
results  for  incompressible  flow  has  no  guarantee  of  success  for  compres¬ 
sible  flows  or  for  other  conditions  for  which  it  was  not  developed  and 
tested,  an  even  higher  order  turbulence  model  such  as  that  of  reference 
[25]  may  be  needed  to  obtain  the  degree  of  accuracy  desired  for  high 
performance  rocket  engine  predictions  or  other  applications. 
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Obtain  Experimental  Data 

The  most  philosophically  appealing  or  physically  rigorous  turbu¬ 
lence  model  can  be  considered  as  nothing  more  than  speculation  until  it 
has  been  scrutinized  against  reliable  experimental  data.  Thus  the  lack 
of  data,  especially  in  high  temperature,  high  speed  compressible  flow, 
is  a  major  roadblock  for  performing  a  rigorous  testing  of  any  theoreti¬ 
cal  considerations  and  an  effort  should  be  made  to  obtain  more  data 
under  a  wider  range  of  flow  conditions. 

Integrate  Improved  Theoretical  Predictions  with  TDK/BLH 

After  developing  and  thoroughly  testing  a  theoretical  model  which 
gives  the  degree  of  accuracy  required  for  applications  of  interest,  it 
should  be  Integrated  as  a  subroutine  into  the  existing  boundary  layer 
code  BLM.  Since  TDK/BLM  gives  accurate  results  under  zero  or  modest 
pressure  gradients,  the  parameters  indicating  laminarlzation  should  be 
tested  by  the  code  and  a  subroutine  using  an  1  proved  turbulence  model 
should  be  called  upon  tor  situations  when  reverse  transition  is 
significant. 

In  summary,  the  entire  effort  that  needs  to  be  undertaken  is  the 
gaining  of  insight  into  laminarlzation  by  searching  for  the  underlying 
physical  causes  and  quantifying  the  indicating  parameters.  Then  a 
turbulence  model  capable  of  predicting  the  phenomenon  should  be  devel¬ 
oped,  thoroughly  tested  against  experiment  and  Integrated  as  a  subrou¬ 
tine  Into  the  existing  TDK/BUi  computer  code.  Finally  it  is  noted  that 
the  nature  of  turbulence  and  Its  description  continues  to  present  a 
challenge  to  scientists  and  engineers  who  strive  for  a  better  under¬ 
standing  and  improved  capability  to  predict  the  world  around  us  and  the 
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Fig.  3  Reverse  transition  velocity  and  temperature  profiles  in 
Back's  nozzle.  [14] 


Fig.  4  Comparison  between  predicted  and  experimental 

results  for  heat  transfer  in  an  accelerated  flow 
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Fig.  5  Comparison  between  predicted  and  experimental 

results  for  heat  transfer  in  an  accelerated  flow 
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Stephen  A.  Wallace 
ABSTRACT 


The  paper  outlines  a  proposal  for  the  development  of  a  computer- 
assisted  instruction  system  in  electronic  troubleshooting.  In  Phase  1 
of  the  project,  a  computer-simulated  troubleshooting  system  will  be  de¬ 
veloped.  The  system  will  be  designed  to  teach  naive  students  the  prin¬ 
ciples  of  logic  function  operation,  a  major  component  of  modem  electron¬ 
ic  circuits.  In  Phase  2,  an  initial  experiment  will  be  performed  which 
will  investigate  the  effects  of  various  feedback  schedules  on  the  initial 
training  and  the  long  term  retention  of  troubleshooting  logic  function 
circuits.  Suggestions  for  future  research  in  the  transfer  of  training 
area  are  outlined. 
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I.  INTRODUCTION 

Today's  Air  Force  operates  largely  in  an  electronic  environment. 
Almost  any  task  that  one  can  think  of,  from  the  loading  and  storage  of 
supplies  through  fire  control  to  decisions  of  the  field  commander,  de¬ 
pends  for  its  success  on  the  adequate  functioning  of  electronic  devices. 
Because  competent  electronics  technicians  are  unlikely  to  enlist  in  the 
Air  Force,  the  Air  Force  must  develop  competence  in  essentially  naive 
recruits  if  it  hopes  to  keep  pace  with  increasing  electronic  functionali¬ 
ty  that  modern  engineering  can  provide.  Thus,  the  Air  Force  invests  con¬ 
siderable  of  its  resources  in  selection  and  training  programs  designed 
to  identify  those  among  its  recruits  with  greatest  aptitude  for  electron¬ 
ics  and  efficient  instructional  capacity  to  produce  knowledgeable  and 
skilled  technicians.  In  addition,  military  resources  are  used  for  the  de¬ 
velopment  of  manuals  intended  to  provide  adequate  information  for  both 
the  assembly  and  maintenance  of  units  of  electronic  equipment  that  may 
not  have  been  covered  during  basic  electronics  courses. 

Despite  the  best  efforts  of  the  Air  Force  (and  in  fact  this  seems 
to  be  true  in  civilian  settings  as  well),  common  knowledge  has  it  that 
trainees  learn  very  little  in  basic  electronics  courses.  In  the  best  of 
circumstances,  trainees  come  away  with  little  more  than  a  vocabulary  for 
parts  and  some  general  rules  for  assembly.  When  they  confront  their  first 
real  assembly  or  troubleshooting  problem,  they  are  nearly  as  helpless  as 
an  untrained  recruit.  Thus,  a  major  concern  for  the  Air  Force  is  not 
only  how  to  train  individuals  on  basic  electronics,  but  also  to  under¬ 
stand  the  variables  that  can  affect  acquisition  of  maintenance  and 
troubleshooting  skills.  In  this  regard,  it  is  important  for  research  to 
focus  on  the  training  of  these  skills,  the  ability  to  transfer  to  varia¬ 
tions  of  the  original  skill  or  task,  and  the  ability  to  retain  these 
skills  over  time. 

II.  OBJECTIVES 

The  objective  of  this  paper  is  to  outline  a  two  phase  proposal  for 
future  research.  In  the  first  phase,  a  computer-assisted  instruction 
system  will  be  developed  which  will  teach  naive  students  the  rules  of 
logic  function  operation,  important  components  in  most  modem  electronic 


circuits.  The  system  will  allow  the  student  to  troubleshoot  computer¬ 
generated  circuits  consisting  of  various  logic  functions.  The  student 
will  be  able  to  test  input  and  output  lines,  replace  components,  and  re¬ 
quest  other  types  of  feedback.  In  the  second  phase,  an  experiment  is  pro¬ 
posed  which  will  examine  how  frequent  strategy  feedback  should  be  given 
in  initial  training  to  promote  the  long-term  retention  of  these  types  of 
troubleshooting  skills. 

III.  THE  BASIC  TRAINING  AND  RETENTION  ISSUE 

The  focus  of  the  present  proposal  is  on  certain  issues  related  to 
basic  training  of  electronic  principles.  Acc  >rding  to  some  experts  (e.g. 
Halff,  1983;  McGrath,  1983),  the  problem  of  basic  training  in  the  mili¬ 
tary  is  a  severe  one  because  the  quality  of  the  recruit  pool  is  expect¬ 
ed  to  remain  low  for  several  years.  This  problem  is  primarily  a  result 
of  the  decline  of  standards  in  the  public  schools  during  the  1970‘s. 

Also,  the  resource  pool  itself  Is  declining.  In  1978,  the  prime  recruit 
population  of  17  year  olds  numbered  4,25  million.  By  1990,  this  number 
will  reduce  to  less  than  3.25  million.  The  problem  is  compounded  by  the 
fact  that  fewer  and  fewer  quality  recruits  will  face  basic  training  on 
increasingly  complex  military  equipment  (McGrath,  1983).  The  technolo¬ 
gical  advances  in  computers  and  electronic  equipment  have  far  outdistanced 
comparable  improvements  in  basic  training  and  instruction. 

Thus,  at  one  end  of  the  continuum  is  the  problem  of  basic  training. 
However,  at  the  other  end  is  the  problem  of  retention  of  techr  :al  mainte¬ 
nance  and  troubleshooting  skills.  Indeed,  in  a  detailed  study  of  sc..,e 
300  vehicle  repair  tasks  being  performed  by  military  mechanics,  Hayes  (1982) 
found  that  71%  contained  errors  that  were  judged  to  be  serious  by  gain¬ 
ed  observers.  Furthermore,  the  study  indicated  that  the  quality  of  the 
maintenance  work  did  noit  improve  with  experience,  but  rather  declined. 

This  serious  state  of  affairs  points  to  the  importance  of  investigation 
into  alternative  techniques  in  basic  training  and  Instruction  of  mainte¬ 
nance  and  troubleshooting  skills. 


IV.  ISSUES  IN  COMPUTER-ASSISTED  INSTRUCTION 


Perhaps  the  most  innovative  mode  of  training  to  surface  in  both 
civilian  and  military  settings  in  the  last  15  years  has  been  computer- 
assisted  instruction  (CAI).  Most  of  the  early  CAI  programs  were  stimu¬ 
lus-response  oriented  in  which  questions  would  be  posed  to  the  student 
and  the  student's  solutions  were  compared  to  prestored  nswers  for  evalua 
tion.  Later,  more  sophisticated  i ntell i gent -computer-assisted  instruc¬ 
tion  (dubbed  ICAI)  programs  were  developed  ac*  contained  not  only  repre¬ 
sentations  of  the  subject  matter  but  carried  on  dialogue  with  the  stu¬ 
dent  and  used  the  student's  mistakes  to  diagnose  errors  and  offer  ulterna 
tlve  solutions  (Barr  A  Fiegenbaum,  1982).  One  of  the  first  ICAI  programs 
to  be  developed  for  military  settings  was  SOPHIE  (Sophisticated  Instruc¬ 
tional  Environment)  by  John  Seely  Brown,  Richard  Burton  and  their  col¬ 
leagues  (Brown,  Burton  and  Bell,  1974).  SOPHIE  was  designed  to  teach 
electronic  troubleshooting  skills  on  a  simulated  power  supply  circuit. 

The  system  would  insert  a  fault(s)  Into  the  circuit  and  the  student,  via 
elaborate  interactions  with  the  computer,  would  find  the  fault(s)  by 
making  measurements  and  by  generating  and  testing  hypotheses.  SOPHIE 
could  evaluate  the  student's  hypotheses  and  tell  the  student  the  worth 
of  each  measurement. 

Most  of  the  ICAI  systems,  such  as  SOPHIE,  SCHOLAR  (see  Carbonell, 
1970)  and  WUMPUS  (Carr  and  Goldstein,  1977),  provide  stimulating  and 
entertaining  environments  which  help  keep  the  students  interested  in 
what  they  are  trying  to  iarn.  But,  of  course,  the  critical  questions 
are:  (1)  does  the  learning  environment  they  create  facilitate  the  long¬ 
term  retention  of  the  skii  (2)  do  these  environments  promote  optimal 
transfer  to  real  tasks;  (3)  are  ICAI  environments  as  effective  or  per¬ 
haps  more  effective  than  other  traditional  modes  of  instruction?  It 
is  perhaps  unfair  to  be  too  critical  of  many  of  the  ICAI  systems  since 
many  of  them  are  still  being  evaluated  as  effective  Instructional  en¬ 
vironments  (Psotka,  1983).  In  spite  of  the  limited  success  of  some 
ICAI  systems  such  as  SOPHIE  (Brown,  Rubinstein  and  Burton,  1976),  many 
of  them  are  designed  around  the  questionable  assumption  that  providing 
feedback  to  the  student  on  every  trial  promotes  the  best  learning 
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(e.g.,  Anderson,  Boyle,  Farrell  and  Resler,  1984).  In  the  next  section, 
arguments  are  made  against  this  assimption. 

V.  THE  FREQUENCY  OF  FEEDBACK  ISSUE 

Psychonotor  research  has  determined  that  performance  improvement  is 
highly  dependent  on  the  frequency  and  precision  nf  augmented  KR,  defined 
as  information  supplied  to  the  trainee  from  an  external  source,  such  as 
an  instructor,  about  the  trainee's  performance  relative  to  the  criterion 
or  goal.  Performance  improvement  is  not  optimal  unless  the  quantity  and 
quality  of  augmented  KR  is  sufficient  (e.g.,  Bilodeau  et  al.,  1959; 

Newell,  1974;  Rogers,  1974;  Wallace  et  al.,  1976). 

There  are,  however,  major  limitations  on  this  research  which  could 
have  relevance  to  ICAI  environments.  First,  the  tasks  that  have  been  ex¬ 
amined  have  been  quite  simple  in  the  sense  that  the  number  of  possible 
alternative  strategies  for  achieving  the  criterion  movement  is  small.  In 
most  real  life  tasks  that  are  of  particular  importance  to  the  Air  Force, 
there  are  typically  many  ways  or  paths  to  completion.  This  is  particu¬ 
larly  true  in  the  case  of  electronic  troubleshooting  tasks  which  are  the 
focus  of  the  present  proposal.  In  multi-solution  tasks  such  as  these, 
the  influence  of  KR  on  learning,  transfer  and  retention  is  not  known. 
Second,  over  the  years  it  has  been  suggested  that  KR  is  the  strongest 
and  most  important  variable  controlling  performance  and  learning  (Adams, 
1971;  Bilodeau  5  Bilodeau,  1961).  However,  augmented  KR  has  been  typi¬ 
cally  manipulated  during  initial  training  trials  without  performance 
evaluation  on  retention  trials  (see  Salmoni,  Schmidt  and  Walter,  1984, 
for  detailed  discussion).  Thus,  in  general,  it  is  unclear  whether  the 
benefits  of  augmented  KR  are  short  or  long  term. 

For  example,  Bilodeau  and  Bilodeau  (1958)  concluded  from  their  re¬ 
sults  several  years  ago  that  learning  is  determined  by  the  absolute  number 
of  KR  trials  and  not  by  the  relative  number  of  KR  to  no  KR  trials.  Their 
design  and  the  design  of  several  other  KR  studies  suffered  a  serious  flaw 
in  that  KR  manipulations  were  made  only  during  initial  acquisition  trials 
without  subsequent  retention  tests.  Recently,  Johnson  et  al.,  (1980) 
performed  a  similar  experiment  but  Included  a  retention  test  one  week 
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after  the  original  acquisition  trials.  In  contrast  to  the  earlier 
Bilodeau  and  Bilodeau  (1958)  study,  Johnson  et  al.,  found  that  learning 
was  best  In  the  group  receiving  the  most  no  KR  trials.  In  other  words, 
people  seemed  to  remember  the  task  better  If  they  were  not  always  given 
information  concerning  the  outcome  of  their  attempts.  More  specifically, 
the  relative  frequency  of  KR  to  no  KR  trials  determined  learning,  not 
the  absolute  number  of  KR  trials.  These  results  are  important  because 
they  emphasize  the  necessity  of  including  retention  trials  to  determine 
learning  -  a  point  also  recently  emphasized  by  Schmidt  (1982). 

Aside  from  methodological  issues,  the  results  of  Johnson  et  al . ,  beg 
the  question  of  why  should  learning  be  enhanced  as  a  result  of  more  n£ 

KR  experiencr?  One  answer,  suggested  by  Schmidt  (1982),  is  that  more  no 
KR  experience  during  initial  training  makes  the  task  inherently  more 
difficult.  The  subject  has  to  invest  more  effort  (Kahneman,  1973)  to 
process  the  relevant  task  cues  and  to  achieve  the  performance  criterion. 
As  a  result,  these  cues  are  processed  "deeper"  and  more  elaborately  into 
memory  and  are  more  resistant  to  forgetting  (Craik  &  Lockhart,  1972; 
Leight  &  Ellis,  1981).  On  a  more  practical  side,  it  probably  makes  sense 
for  the  trainee  to  practice  under  no  KR  conditions  because  on-the-job 
performance  is  typically  done  In  the  absence  of  augmented  KR.  Certain¬ 
ly  this  is  true  in  most  electronic  troubleshooting  tasks. 


VI.  RECOMMENDATIONS 

The  review  of  relevant  literature  has  pointed  out  several  areas  of 
concern  which  should  be  addressed  by  future  research.  Clearly,  a  major 
problem  for  the  Air  Force,  and  indeed  the  military  in  general,  is  to 
improve  basic  training  in  order  to  produce  quality  technicians  who  re¬ 
tain  their  skills  over  long  time  periods.  According  to  Hagman  and  Rose 
(1983)  there  are  three  approaches  to  improving  retention.  One  approach 
is  to  modify  the  task  or  redesign  the  equipment  to  automate  easily  for¬ 
gotten  procedures.  Another  approach  is  to  assign  people  to  tasks  which 
match  their  abilities.  The  final  approach  is  to  improve  basic  training 
with  the  view  that  better  initial  training  should  enhance  learning  and 
promote  retention  (Schendel,  Shields  and  Katz,  1980).  It  is  argued 
that  this  1  atter  approach  is  probably  the  most  cost-effective. 
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Efforts  should  be  made  at  the  entree  level  to  improve  instruction 
in  technical  skills.  ICAI  is  one  promising  method  which  has  been  used 
to  teach  or  improve  a  variety  of  basic  skills  such  as  geometry  (Ander¬ 
son  et  al . ,  1984)  and  electronics  (Brown  et  al.,  1978).  However,  It 
is  argued  that  one  important  issue  related  to  ICAI  is  how  frequent  feed¬ 
back  should  be  given  to  the  student  to  promote  long  term  retention  of  the 
skill  or  knowledge.  The  current  proposal  wishes  to  address  these  issues 
by  1)  developing  an  ICAI  system  for  the  learning  and  retention  of  basic 
electronic  principles  in  troubleshooting  logic  function  circuits,  and 
2)  by  outlining  basic  experiments  which  examine  the  feedback  frequency 
issue.  Testing  and  experimentation  will  be  primarily  focused  on  final 
year  high  school  and  first  year  college  students. 

Proposed  Methodology 

The  proposed  methodology  will  consist  of  two  phases,  each  phase 
requiring  approximately  6  months  to  complete.  In  phase  1,  an  elementary 
ICAI  system  in  troubleshooting  electronic  logic  function  circuits 
(tentatively  called  ELF)  will  be  developed.  The  short  term  goal  of  this 
phase  will  be  to  develop  ELF  to  the  point  where  basic  experiments  can 
be  performed  on  students  naive  in  electronic  principles.  The  long  term 
goal  is  to  develop  ELF  so  that  it  can  be  regarded  as  a  bonified  teaching 
tool  and  to  assist  instructors  in  the  teaching  of  basic  electronics 
troubleshooting  skills.  It  should  be  emphasized  that  ELF  will  assist 
the  student  in  learning  about  the  principles  of  logic  functions  -  com¬ 
ponents  in  modem  electronic  circuitry  not  included  in  SOPHIE,  for  ex¬ 
ample.  In  phase  2,  one  experiment  is  planned  which  will  investigate  the 
frequency  of  feedback  and  its  effects  on  long  term  retention  of  trouble¬ 
shooting  skills  in  the  ELF  environment.  More  detailed  descriptions  of 
these  two  phases  now  follow. 

Phase  1.  Once  fully  developed,  the  ELF  system  will  1)  graphically 
represent  electronic  circuits  of  different  complexities  on  a  CRT  screen; 
2)  be  able  to  place  fault(s)  into  the  circuit;  3)  recognize,  test  and 
replace  commands  and  provide  feedback  to  the  student  about  the  cost- 
effectiveness  of  these  requests.  To  produce  these  features,  ELF  will 
contain  five  software  components  written  in  INTERLISP  and  will  be 


Integrated  by  a  knowledge  program  called  LOOPS  (Steflk,  Bobrow,  Mittal 
and  Conway,  1983). 

1.  A  low-level  language  processor  will  be  required  to  facilitate 
communication  between  the  user  and  the  system. 

2.  A  "blackboard"  will  be  needed  to  parameterize  the  various 
circuits  and  to  place  faults  in  the  circuits. 

3.  A  knowledge  base  of  logic  function  operations  and  problem 
solving  rules  will  be  required.  For  example  the  rule  governing  AND- 
gate  operations  is  as  follows: 

If  both  inputs  are  'T's,  then  output  is  "1"; 

If  either  input  is  "0",  then  output  is  "0". 

Five  logic  functions  will  be  Initially  Incorporated  into  ELF  computer 
simulated  circuits:  AND-,  NAND-,  OR-,  NOR-,  and  XOR-gates. 

4.  A  schedule  will  be  used  to  control  the  order  of  rule  process¬ 
ing  and  determining  the  cost-effectiveness  of  possible  solutions. 

5.  A  justlfier  will  be  needed  to  provide  feedback  to  the  student. 
In  the  early  stages  of  ELF,  feedback  about  the  student's  test  and  re¬ 
place  requests  will  be  given.  As  the  system  develops,  the  student  could 
also  receive  feedback  about  the  cost-effectiveness  of  the  request,  and 
be  given  appropriate  strategies  If  help  is  requested. 

Phase  2.  Following  the  completion  of  the  ELF  system  in  phase  1,  at 
least  one  experiment  is  planned  to  Investigate  the  frequency  of  feed¬ 
back  issue.  Is  the  long  term  retention  of  basic  electronic  trouble¬ 
shooting  skill  dependent  on  the  frequency  of  feedback  in  Initial 
training?  The  type  of  feedback  referred  to  here  is  that  which  informs 
the  student  about  the  appropriateness  of  a  particular  test  or  replace 
request.  For  example,  naive  troubleshooters  tend  to  perform  many  more 
tests  which  are  redundant  (i.e.  do  not  reduce  the  uncertainty  about  the 
fault  location)  compared  to  experts.  This  type  of  feedback  will  be  ma¬ 
nipulated  in  the  experiment.  Also,  following  initial  training  In  a  par¬ 
ticular  feedback  frequency  condition,  subjects  will  be  required  to  re¬ 
turn  for  a  test  of  retention  on  different  circuit  configurations  than 
that  used  in  initial  training.  Retention  tests  will  occur  one  day  ana 
one  month  after  initial  training. 
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Subjects  -  Sixty  subjects,  primarily  recruited  from  the  University  of 
Colorado  and  neighboring  high  schools,  will  participate.  An  equal 
number  of  males  and  females  will  be  used. 

Apparatus  -  Simulations  and  troubleshooting  will  be  done  via  a  Digital 
Equipment  Corporation  VT  105  graphics  CRT  terminal.  The  terminal  is 
Interfaced  with  a  VAX-11/780  main  frame  computer  located  in  the  Depart¬ 
ment  of  Psychology.  Testing  and  data  collection  will  be  done  in  a  sound¬ 
proof,  air-conditioned  chamber. 

Procedures  -  The  procedures  in  phase  2  require  each  subject  to  participate 
in  three  types  of  sessions.  In  the  preliminary  training  sessions,  all 
subjects  will  be  taught  the  rules  underlying  the  operation  of  five  logic 
functions:  AND,  NAND,  OR,  NOR,  and  XOR-gates.  Instruction  will  be  com¬ 
puter-assisted.  Following  instruction  on  each  logic  function,  the  sub¬ 
ject  will  be  tested  on  the  rules  governing  each.  Two  1H  hour  sessions 
on  separate  days  are  anticipated  for  this  purpose. 

In  the  experimental  training  sessions,  subjects  will  attempt  to  learn 
how  to  troubleshoot  simulated  electronic  circuits  consisting  of  various 
configurations  of  the  five  logic  functions.  The  task  of  the  subject  will 
be  to  locate  and  replace  faulty  logic  functions  within  a  circuit.  The 
configuration  difficulty  of  the  circuits  and  number  of  faults  to  be  placed 
in  the  circuits  will  be  determined  by  pilot  testing.  Within  a  given  trial, 
the  subject  will  be  able  to  make  three  types  of  requests:  test  a  given 
input  or  output  line  and  receive  either  a  "0"  or  "1"  as  feedback;  ask 
whether  the  circuit  has  been  corrected;  and  request  to  replace  a  logic 
function.  Each  request  will  be  assigned  some  cost  factor  and  these 
will  accumulate  within  each  trial  and  be  stored  in  the  computer  for  feed¬ 
back  purposes.  The  task  of  the  subject  will  be  to  find  and  replace  the 
faulty  logic  function(s)  in  the  shortest  time  at  the  lowest  cost  within 
a  trial . 

Subjects  will  receive  several  trials  of  practice  (the  length  of  each 
trial  to  be  determined  by  pilot  testing)  within  each  day  over  five  days 
of  practice.  Subjects  will  be  assigned  to  one  of  three  experimental 
groups.  In  the  100"  condition,  subjects  will  receive  feedback  about  the 
appropriateness  of  each  troubleshooting  request  on  all  initial  training 
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trials.  In  the  33X  condition,  subjects  will  receive  feedback  every 
third  trial,  and  in  the  OX  condition  feedback  will  not  be  given.  Follow¬ 
ing  the  experimental  practice  trials,  one  half  of  the  subjects  In  each 
condition  will  return  one  day  later  for  a  retention  test.  They  will  be 
required  to  troubleshoot  a  novel  circuit  in  the  absence  of  strategy  feed¬ 
back.  One  month  later,  the  other  half  of  the  subjects  1*.  each  condition 
will  return  for  a  retention  test.  This  type  of  design  allows  for  a  more 
accurate  estimate  of  long  term  retention  unconfounded  by  previous  practice 
on  the  immediate  retention  test. 

Design  and  Analysis  -  A  Feedback  Condition  X  Trials  ANOVA  will  be  used 
to  analyze  the  initial  training  trials.  Retention  data  will  be  analyzed 
using  a  Feedback  Condition  X  Retention  Test  X  Trials  ANCVA  with  the  first 
two  factors  as  between-subject.  Dependent  variables  to  be  analyzed  will 
be  time  to  solution,  cost  of  test  and  replace  requests,  and  number  of 
requests. 


VII.  EXPECTED  OUTCOMES  AND  FUTURE  DIRECTIONS 

If  the  results  of  Johnson  et  al.  (1980)  are  valid  and  generalize- 
able,  we  can  make  the  following  predictions.  During  initial  training 
trials,  those  groups  which  receive  more  KR  trials  relative  to  no  KR 
trials,  will  improve  more  rapidly  in  troubleshooting  performance.  How¬ 
ever,  on  later  retention  tests,  we  would  expect  tht  groups  which  receive 
a  lower  ratio  of  KR  to  no  KR  trials  to  retain  the  troubleshooting  abili¬ 
ties  to  a  better  degree.  The  implication  of  these  results  for  training 
Air  Force  recruits  is  that  to  insure  the  long  term  retention  of  trouble¬ 
shooting  ability,  trainees  should  not  always  receive  KR  from  the  in¬ 
structor  after  all  trials. 

One  issue  in  future  experiments  will  be  how  best  to  organize  the 
training  experience  such  that  the  trainee  will  be  able  to  transfer  to 
deviations  of  the  original  criterion  troubleshooting  task.  Past  re¬ 
search  on  simple  verbal  (Battig,  1979),  cognitive  (Hiew,  1977)  and  mo¬ 
tor  skills  (McCracken  &  Stelmach,  1977;  Shea  &  Morgan,  1977)  has  shown 
that  the  amount  of  positive  transfer  to  variations  of  the  original  task 
is  a  function  of  the  variability  of  original  training. 
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In  the  electronic  troublshooting  task  considered  in  the  present  pro¬ 
posal,  there  are  several  ways  to  structure  the  training  regimen.  At  its 
simplest  level,  the  trainee  needs  to  acquire  knowledge  of  how  each  of  the 
five  (or  more)  logic  functions  work.  What  is  the  best  way  to  acquire 
and  retain  this  knowledge?  Should  the  trainee  be  provided  with  a  large 
block  of  trials  in  which  the  malfunction  is  located  only  in  the  and-gate 
function?  Following  this,  another  block  of  or-gate  malfunctions  would 
be  provided--and  so  on  with  the  other  logic  functions.  While  this  train¬ 
ing  procedure  may  facilitate  the  acquisition  of  knowledge  about  how  each 
function  works,  it  could  be  argued  that  this  type  of  training  would  not 
effectively  develop  knowledge  about  how  the  logic  functions  work  together 
in  an  integrated  circuit  to  control  the  external  devices.  Based  on  pre¬ 
vious  research,  and  we  see  no  reason  why  it  shouldn't  apply  to  trouble¬ 
shooting  skills,  a  random  presentation  of  malfunctions  from  trial  to 
trial  across  the  various  logic  functions  should  develop  a  stronger  in¬ 
ternal  representation  and  generally  more  applicable  knowledge  about  how 
the  logic  functions  work  together.  This  stronger  system  level  knowledge 
should  facilitate  transfer  to  deviations  of  the  original  circuit  confi¬ 
guration.  The  ability  to  transfer  effectively  to  deviations  of  the  ori¬ 
ginal  learning  task  is  a  major  quality  of  an  expert  troubl shooter.  Thus, 
in  this  line  of  research,  subjects  would  transfer  to  either  the  same  cir¬ 
cuit  with  the  malfunction  located  at  random  locations,  to  a  circuit  con¬ 
taining  the  same  logic  functions  but  in  a  different  configuration  or  to 
a  circuit  containing  logic  functions  never  experienced  before. 


REFERENCES 


1.  Anderson,  J.R.,  Boyle,  C.F.,  Farrell,  R.  and  Reiser,  B.  (1984). 
Cognitive  principles  in  the  design  of  computer  tutors.  Proceedings 
of  the  Sixth  Annual  Conference  of  the  Cognitive  Science  Society. 

June  28-30,  Boulder,  Colorado,  2-9.  ~  “ 

2.  Adams,  J.A.  (1971).  A  closed-loop  theory  of  motor  learning.  Journal 
of  Motor  Behavior,  3,  111-150. 

3.  Battig,  W.F.  (1979).  The  flexibility  of  human  memory.  In  L.  Cermack 
and  F.  Cralk  (Eds.),  Levels  of  processing  in  human  memory.  Hillsdale, 
NJ:  L.  Erlbaum  Assoc. 

4.  Barr,  A.  and  Feigenbaum,  E.A.  (1982).  The  handbook  of  artificial 
intelligence.  William  Kaufmann,  Inc. 

5.  Bilodeau,  E.A.  and  Bilodau,  I.M.  (1958).  Variable  frequency  know¬ 
ledge  of  results  and  the  learning  of  simple  skills.  Journal  of  Ex¬ 
perimental  Psychology,  55_,  379-383. 

6.  Bilodeau,  E.A.  and  Bilodeau,  I.M.  (1961).  Motor  skills  learning. 
Annual  Review  of  Psychology.  1£,  243-280. 

7.  Bilodeau,  E.A.,  Bilodeau,  I.M.  and  Schumsky,  D.A.  (1959).  Some 
effects  of  introducing  and  withdrawing  knowledge  of  results  early  and 
late  in  practice.  Journal  of  Experimental  Psychology,  58,  142-144. 

8.  Brown,  J.S.,  Burton,  R.R.  and  Bell,  A.G.  (1974).  SOPHIE :  A  sophisti¬ 
cated  Instructional  environment  for  teaching  electronic  troubleshoot¬ 
ing  (an  example  of  AI  in  CAI).  BBN  Rep.  No.  2790,  Bolt  Beranek  and 
Newman,  Inc.,  Cambridge,  Mass. 

9.  Brown,  J.S.,  Rubinstein,  R.  and  Burton,  R.  (1976).  Reactive  learning 
environment  for  computer  assisted  electronics  instruction,  BBN  Rep. 
No.  3314,  Bolt  Beranek  and  Newman,  Inc.,  Cambridge,  Mass. 

10.  Carr,  B.  and  Goldstein,  I.  (1977)  Overlay:  a  theory  of  modeling  for 
computer  aided  instruction.  AI  Memo  406,  AI  Laboratory,  Massachusetts 
Institute  of  Technology. 

11.  Carbonell,  J.R.  (1970).  AI  in  CAI!  An  artificial  intelligence 
approach  to  computer  aided  instruction.  IEEE  Transaction  on  Man- 
Machine  Systems,  MMA-11  (4):  190-202. 

12.  Cralk,  F.I.M.  and  Lockhart,  R.S.  Levels  of  processing:  A  framework 
for  memory  research.  Journal  of  Verbal  Learning  and  Verbal  Behavior. 
1972,  11  ,  671-684. 


146-14 


13.  Hagman,  J.D.  and  Rose,  A.M.  (1983).  Retention  of  military  tasks: 

A  review,  Homan  Factors,  25,  199-213. 

14.  Halff,  H.  (1983).  Overview  of  training  and  aiding.  Artificial 
intelligence  in  maintenance.  Vol.  1:  Proceedings  of  the  Joint 
Services  Workshop.  October  4-6.  Soulder.  Colorado. 

15.  Hayes,  F.J.  (1982).  Maintenance  performance  research  in  the  Army. 
Proceedings,  Psychology  in  the  Department  of  Defense,  527-532, 
Eighth  Annual  Symposium,  USATA-TR-82-10,  April  21-23. 

16.  Hiew,  C.C.  (1973).  Sequence  effects  in  rule  learning  and  conceptual 
generalization.  American  Journal  of  Psychology,  90,  207-218. 

17.  Johnson,  R.W.,  Wicks,  6.  and  Ben  Sira,  D.  (1980).  Practice  in  the 
absence  of  knowledge  of  results:  Skill  acquisition  and  retention. 
Paper  presented  at  North  American  Society  for  the  Psychology  of 
Sport  and  Physical  Activity  Conference,  Boulder,  Colorado. 

18.  Kahneman,  D.  (1973).  Attention  and  effort.  Englewood  Cliffs,  NJ: 
Prentice  Hall. 


19.  Leight,  K.A.  and  Ellis,  H.C.  (1981).  Emotional  mood  states,  strate¬ 
gies  and  state  dependent  memory.  Journal  of  Verbal  Learning  and 
Verbal  Behavior,  20,  251-275. 

20.  McCracken,  H.D.  and  Stelmach,  G.E.  (1977).  A  test  of  the  schema 
theory  of  discrete  motor  learninq.  Journal  of  Motor  Behavior, 

9,  193-201. 

21.  McGrath,  M.  (1983).  The  need  for  Improvements  in  weapon  systems 
maintenance:  What  can  AI  contribute?  Artificial  intelligence  in 
maintenance.  Volume  I:  Proceedings  of' the  Joint  Services  Workshop, 
October  4-6,  Boulder,  Colorado. 

22.  Newell,  K.M.  (1974).  Knowledge  of  results  and  motor  learning. 
Journal  of  Motor  Behavior,  6,  235-244. 

23.  Psotka,  J.  (1983).  Artificial  intelligence  contributions  to  train¬ 
ing  and  maintenance.  Artificial  intelligence  in  maintenance,  Vol . I: 
Proceedings  of  the  Joint  Services  Workshop,  October  4-6,  Boulder, 
Colorado.  ~ 

24.  Salmoni,  A.,  Schmidt,  R.A.  and  Walter,  C.B.  (1984).  Knowledge  of 
results  and  motor  learning:  A  review  and  critical  reappraisal. 
Psychological  Bulletin,  95,  355-386. 

25.  Schendel ,  J.D.,  Shields,  J.L.  and  Katz,  M.S.  (1980).  Retention 
of  motor  skills:  Review.  JSAS  Catalog  of  Selected  Documents  in 
Psychology,  10,  21,  (Ms.  No.  2016). 


146-15 


26.  Schmidt,  R.A.  (1982).  Motor  control  and  learning:  A  behavioral 
emphasis.  Human  Kinetics  Publishers,  Champaign,  IL. 

27.  Shea,  J.B.  and  Morgan,  R.L.  (1979).  Contextual  Interference  effects 
on  the  acquisition,  retention,  and  transfer  of  motor  skill.  Journal 
of  Experimental  Psychology:  Human  Learning  and  Memory.  5,  179-187^ 

28.  Steflk,  M.  Bobrow,  D.G. ,  Mittal,  S.  and  Conway,  L.  (1983). 

Knowledge  programming  In  LOOPS:  Report  on  an  experimental  course. 

The  A I  Magazine,  4,  1-13. 

29.  Wallace,  S.A.,  OeOreo,  K.L.  and  Roberts,  G.C.  (1976).  Memory  and 
perceptual  trace  development  in  ballistic  timing.  Journal  of  Motor 
Behavior,  8,  133-137. 


ft 

r. 

L- 


v  . 


1984  USAF-SCEEE  SUMMER  FACULTY  RESEARCH  PROGRAM 
Sponsored  by  the 

AIR  FORCE  OFFICE  OF  SCIENTIFIC  RESEARCH 
Conducted  by  the 

SOUTHEASTERRN  CENTER  FOR  ELECTRICAL  ENGINEERING  EDUCATION 

FINAL  REPORT 

IHEJ?EVELOEMENT  OF. A  COMPUTERIZED  SYSTEM  FOR  MANAGEMENT 
INFORMATION  AND  INTER-OFFICE  COMMUNICATION 


Prepared  by: 

Academic  Rank: 

Department  and 
University: 

Research  Location: 

USAF  Research: 
Date: 

Contract  No: 


Dr.  Yin-min  Wei 
Professor 

Department  of  Computer  Science 
Ohio  University 

Air  Force  Aerospace  Medical  Research 
Laboratory,  Technical  Service  Division, 
Plans  and  Programs  Branch 

Mr.  Robert  F.  Bachert 

August,  1984 

F49620-82-C-0035 


ACKNOWLEDGEMENT 


The  author  would  like  to  thank  the  Air  Force  Office  of  Scientific 
Research  and  the  Southeastern  Center  for  Electrical  Engineering  Education 
for  providing  him  the  opportunity  to  spend  a  very  stimulating  and 
fruitful  suumer  at  the  Air  Force  Aerospace  Medical  Research  Laboratory, 
Wright-Patterson  AFB,  Ohio.  He  would  like  to  express  his  appreciation  to 
the  laboratory,  in  particular  to  the  Plans  and  Programs  Branch  of  the 
Technical  Services  Division,  for  its  hospitality  and  good  working 
environment. 

Further,  he  would  like  to  thank  Mr.  Robert  Bachert  for  suggesting 
this  area  of  research  and  for  his  collaboration  and  guidance.  His 
appreciation  goes  to  Mr.  Dave  Brungart  and  Mr.  Richard  Bennett  for  many 
of  the  helpful  discussions,  to  Dr.  Billy  Crawford  for  his  encouragement, 
and,  in  particular,  to  Dr.  George  C.  Mohr,  Commander  of  the  Laboratory, 
for  his  discussion  of  the  goals  and  objectives  of  the  laboratory 
information  system  which  is  being  developed. 

Hi 3  appreciation  also  goes  to  Col.  Gary  Adams,  Col.  Dan  Johnson, 
Mrs.  Sears,  Mrs.  Trnka,  Mrs.  Cross,  and  Mrs.  Haskett.  They  together  have 
made  his  simmer  assignment  very  pleasant. 


I 


Introduction 


II.  Objectives  of  Effort 

III.  Overview  of  Computerized/Manual  Information  Systems 

IV.  Computer  Network  for  Information  and  Communication 

V.  Database  Organization 

1)  The  Guiding  Principles 

2)  Distributed  Database 

VI.  Database  Access  and  Data  Dictionary 

VII.  Natural  Language  Query  and  Decision  Support  System 

1)  Natural  Language  Query  System 

2)  INTELLECT  Natural  Language  Package 

3)  Decision  Support  System 

VIII.  Procedure  For  System  Implementation 

IX.  Recommendations  for  Future  Research 


I.  INTROCUCriQN 


Every  organization,  whether  it  is  in  research  t  manufacturing,  or 
service,  can  benefit  from  a  good  computerized  system  for  information 
storage  and  retrieval  as  well  as  for  communication  between  all  the 
offices.  As  a  teacher  of  information  systems,  my  long  range  goal  is  to 
design  better  information  systems;  and  my  short  range  goal  is  to 
design  a  better  user-to-system  interface.  This  interface  would  assist 
the  on-line  users  to  carry-on  conversations  with  the  system  in  order 
to  find  the  information  they  need. 

During  my  pre-suimer  visit  to  Wright-Patterson  AFB,  Mr.  Robert 
Eachert  invited  me  to  participate  in  the  planning  of  a  computer- 
network  for  management  information  and  data  cocsnunication  for  the 
Aerospace  Medical  Research  Laboratory  (AMRL).  I  accepted  the 
invitation  because  the  activity  would  help  me  :  (1)  to  refine  the 
requirements  for  user-to-systeo  interface,  and  (2)  to  refine  the 
directions  for  my  future  information  system  research. 


II.  QBJ£01VESLJLJ£EEDai 

This  effort  concentrates  on  the  development  of  an  overall  system 
configuration  and  capability  requirements  for  a  distributed 
multi-computer  system  for  shared  information  storage  and  retrieval  and 
data-ccmnunication  between  offices.  This  system  needs  computers  which 
have  enough  large  storage  units  to  hold  the  files,  abilities  to 
understand  hunan's  requests  in  natural  language  ,  and  abilities  to 
quickly  deliver  requested  information  to  the  hunans  in  easy-to- 
understand  formats.  Since  this  study  is  undertaken  for  the  Air  Force 
Aerospace  Medical  Research  Laboratory  (AMRL),  the  proposed  system  will 
be  described  with  special  reference  to  the  AMRL  laboratory.  But  the 
proposed  system  could  be  implemented  to  meet  the  needs  of  nny  other 
research  organization. 
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At  AMRL,  computerized  system  will  be  used  to  support 
its  internal  activities  ,  and  its  external  communications 
with  other  units  of  the  Air  Force.  The  computerized  system 
worts  in  parallel  with  the  present  existing  mechanisms 
(communication  as  well  as  information  storage  and 
retrieval)  to  enhance  the  AMRL  activities. 

Consider  first  the  communication  between  all  the 
offices  and  people  in  AMRL.  At  the  present,  there  are 
three  types  of  communication!  telephone,  face-to-face  and 
written  messages  and  documents  through  internal  mail 
service.  All  of  these  3  types  of  communication  flow  freely 
without  any  management  restriction.  This  un-restrictive 
nature  will  be  maintained  for  communications  utilizing 
computer  network.  This  means  that  people  will  have 
un-restrictive  freedom  to  send/receive  messages  over  the 
computer  network. 

The  next  to  be  considered  are  the  information  storage 
and  retrieval,  reporting  and  distribution  over  a  computer 
network.  This  computerized  information  network  is  supposed 
to  complement,  not  to  immediately  replace,  che  manual 
system  being  used  today.  The  manual  information  system 
consists  of  all  the  file  drawers  in  the  offices,  and  the 
mail-service  between  the  offices. 

To  complement  the  manual  information  system,  and  to 
work  efficiently,  the  computer  network  will  be  structured 
to  match  the  major  information-flow  patterns  within  AMRL. 
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The  proposed  computer-network  in  Figure  1  is  for 
messages  between  people  as  well  as  for  data  (information) 
communication  between  computers  in  the  network.  Each 
individual  member  of  the  laboratory  would  have  access  to  a 
computer  on  or  near  his  desk  for  his  work. 

In  general,  a  computer  at  a  higher  level  would  have 
more  capabilities  in  hardware  and  software.  For  example, 
the  computer  for  the  Laboratory  Commander  will  have 
decision  support  software.  The  natural  language  interface 
is  desirable  for  all  computers.  Its  choice  for  a 
particular  computer  will  depend  upon  cost/benefit  analysis. 

In  Figure  1,  the  computers  within  a  branch  form  a  small 
cluster.  The  small  clusters  within  a  division  make  up  a 
larger  cluster.  The  communication  paths  between  computers 
within  a  small  cluster  are  shorter  to  make  the 
communications  within  a  branch  quicker,  thus  to  accomodate 
the  frequent  communication  needs  between  members  in  the 
same  branch.  The  communication  paths  between  branches  are 
longer,  and  the  paths  between  divisions  are  even  longer. 
However,  one  computer  is  able  to  reach  every  other  computer 
in  the  network. 

On  the  other  hand,  the  computers  for  all  division 
chiefs  belong  to  the  same  small  cluster,  thus  the 
communication  between  division  heads  are  just  as  convenient 
as  communication  between  members  within  a  branch. 
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Figure  1  COMPUTER-NETWORK  FOR  INFORMATION 
AND  COMMUNICATION. 
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V.  DATABASF  ORGANIZATION 

i)  ihfi-fimdlng  EriiiclBiss 

At  the  1982  National  Conference  of  the  American 
Society  of  Information  Science,  the  president  of  a 
University  stated  that  he  has  been  receiving  too  much 
information  (from  his  subordinates) .  Our  feelings,  after 
some  soul-searching  for  interpretation,  are  that  he  had 
received  too  much  information  details.  What  he  wanted  was 
information  summaries.  This  led  us  to  the  one  guiding 
principle  that  computers  at  the  upper-level  store  only 
summarizea  management  .information.  The  details  are  stored 
in  the  lower-levels. 

Another  guiding  principle,  as  suggested  by  Dr.  Mohr 
(Commander  of  A FA  URL) ,  is  that  each  person  is  responsible 
to  maintain  (i.e.  add/delete/update)  the  portion  of 
database  related  to  his  activity  in  a  computer  near  him. 
(Note:  HIS  is  used  for  brevity  to  represent  HIS/HER,  HE 
for  HE/SHE  and  HIM  for  HIM/HER.)  Only  he  or  his  alternate 
may  modify  his  portion  of  the  database,  others  can  have 
authorized  access  by  permission.  By  organizational  logic, 
his  boss  would  have  authorized  access. 

However,  there  can  be  exceptions  to  this  logic.  The 
specifications  for  Laboratory  Office  Network  System  (LONS) 
released  in  April  1983  by  Rome  Air  Development  Center 
(RADC)  allowed  a  sub-organization  to  lock  up  a  part  of  its 
database  to  refuse  access  by  anyone  including  its 
upper-level  organization,  f 1] 

2)  Distributee  Database 

As  a  consequence  of  the  guiding  principle  that  each 
member  of  an  organization  maintains  and  guards  the  part  of 
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the  database  related  to  his  activities,  the  database  is 
divided  into  parts  and  stored  into  separate  computers  to  be 
maintained  by  separate  individuals.  Thus,  each  individual 
will  have  electronic  as  well  as  physical  control  over  his 
part  of  the  database. 

VI.  DATABASE  ACCESS  AND  DATA  DIRECTORY 

Today's  long  distance  telephone  calls  are  connected 
through  local  telephone  exchanges,  trunk  lines,  and 
telephone  exchanges  at  the  other  end.  There  are  no  direct 
connections  from  each  telephone  to  other  telephones.  The 
computer  to  computer  communications  would  be  handled  in  a 
similar  fashion. 

We  consult  telephone  directory  to  locate  the  address 
(i.e.,  telephone  number)  on  the  telephone  network  of  an 
organization  or  a  person,  before  we  can  reach  them  by 
telephone.  In  a  computer-network,  each  computer  consults  a 
directory  which  contains  the  data-file  names  and  their 
location  in  the  computer-network,  thus  able  to  reach  a 
desired  data  file.  Martin  12]  claimed  that  the  directory 
for  aata-files  together  with  data  dictionary  play  a  central 
role  in  a  database  system.  He  illustrated  that  claim  with 
a  diagram  from  Cullinane  Corporation's  advertisement 
(Figure  2) .  At  its  center,  you  can  see  the  integrated  data 
dictionary. 

The  data  accesses  between  computers  are  by  agreement. 
And  the  accesses  are  limited  to  "Read  Only*.  In  principle, 
a  high-level  computer  is  allowed  to  access  most  of  the  data 
in  its  subordinate  computers  (i.e.  at  lower-level  in  its 
cluster).  Each  computer's  directory  contains  information 
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on  how  to  reach  those  data-files,  to  which  it  has  been 
allowed  access,  by  automatic  dialing.  However,  information 
request  from  a  computer  in  one  division  may  be  sent  to  the 
computer  in  another  division  chief's  office;  and  further 
contact  to  a  computer  in  that  division,  based  on 
information  location  from  that  response  ,  will  be  necessary 
to  reach  the  desired  information. 

Information  request  from  a  computer  in  one  laboratory 
to  a  computer  in  another  laboratory  will  be  handled  in  the 
same  manner. 

VII.  NATURAL  LANGUAGE  QUERY  AND  DECISION  SUPPORT  SYSTEM 

It  is  our  concept  that  the  chief  executives  need  not  to 
learn  the  computer  jargons  or  the  artificial  computer 
languages.  They  should  be  able  to  communicate  with 
computer  in  our  daily-use  English  language.  With  this  in 
mind,  we  have  been  looking  for  natural  English  interface  in 
the  market-place. 

The  current  expectations  1 3 J  are  that  the  big  computer 
manufacturers  will  all  get  into  the  natural  language 
interface  business.  At  the  present  time,  there  are  only 
products  from  the  start-up  companies.  Artificial 
Intelligence  Corporation,  Waltham,  MA  has  the  most 
successful  natural  language  interface  product  —  INTELLECT, 
which  runs  on  IBM  mainframes.  We  can  expect  that  similiar 
products  from  other  companies  will  be  available  soon. 

1)  Natural. Language  Query  System 

After  a  natural  language  query  has  been  interpreted  by 
natural  language  interface  into  a  formatted  query,  it  is 
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sent  to  a  decision-support  system  which  will  map-out  a 
strategy  to  arrive  at  the  answers.  The  searches  for  data 
are  assisted  by  the  DataBase  Management  System  (DBMS) . 
Conceptually,  the  whole  query-answer  process  can  be 
described  by  the  diagram  in  Figure  3.  In  simple  systems, 
the  Decision  Support  System  (DSS)  is  most  likely  integrated 
with  the  database  managment  system  (DBMS).  In  general,  the 
DSS  requests  data  from  DBMS,  and  after  having  processed  the 
received  data,  issues  requests  for  more  data.  This  looping 
operation  continues  until  DSS  is  satisfied  with  the  answers 
or  has  decided  that  satisfactory  answers  can  not  be 
obtained.  In  either  case,  answers  are  returned  for  the 
a  ue  ry . 

2)  INTELLECT  Natural  Language  Package 

At  the  present  time,  the  INTELLECT  Natural  Language 
Package  by  Artificial  Intelligence  Corp  works  the  best. 

It  converses  with  you  like  a  human  being  (of  course  there 
are  limitations).  It  works  out  a  strategy  to  perform  a 
loop  of  data  retrieval  and  processing  until  answers  are 
found  to  your  query  (see  Figure  3).  In  analyzing  your 
query,  it  also  is  able  to  fill  in  what  is  implied  but  not 
explicitly  expressed  in  your  query. 

In  order  to  achieve  those  listed  above,  the  INTELLECT 
(4]  has  been  programmed  to  handle  four  key  issues.  These 
are: 

(a)  What  is  the  proper  density  of  language  coverage? 

(b)  How  to  resolve  language  ambiguity? 

(c)  How  to  navigate  through  the  database  for  the 
desired  information? 


147-13 


NATURAL  LANGUAGE  QUERY 


NATURAL  LANGUAGE 
INTERFACE 


FORMATTED  QUERY 


DECISION  SUPPORT 
SYSTEM 


ANSWERS 


STRATEGY  FOR 
ARRIVING  THE  ANSWERS 


DATABASE  MANAGEMENT 
SYSTEM 
AND  DATA 


i>v>i 

l  V.Vj 


i .  v  .4 


K\-4 

r-.**  1 


m 


Figure  3.  PROCESS  FOR  ANSWERING  NATURAL 
LANGUAGE  QUERY. 
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(d)  How  to  fill  in  the  implied  (not  explicitly 
expressed)  information  into  the  query? 

The  item  (a)  refers  to  the  many  allowed  variations  of 
a  given  expression.  Conceptually,  in  the  linguistic  space, 
expressions  which  have  identical  meaning  form  a  cluster. 
More  expressions  in  a  cluster  means  higher  density  of 
language  coverage,  which  in  turn  means  a  more  complex 
program  structure  for  the  INTELLECT  to  recognize  all  the 
variations. 

The  item  (b)  refers  how  to  choose  one  meaning  out  of 
several  possible  means  for  a  term.  The  INTELLECT  has 
ability  to  recognize  the  multiple  meanings  for  a  word. 
Consider  the  example: 

"FOR  OHIO  M2  IOWA,  PRINT  THE  NAME  M2 
AGE  OF  ANYONE  WHO  EARNS  BETWEEN  $30,030  M2 
$50,000  M2  IS  MARRIED." 

There  are  four  AND  in  the  above  search  statement.  Each  has 
a  different  meaning.  They  imply  respectively,  a  search  for 
both  (Ohio  and  Iowa) ,  a  list  of  both  fields  to  be  retrieved 
(name  and  age) ,  a  range  specified  by  a  pair  of  values 
(between  $30,000  and  $50,000)  as  well  as  a  search  of 
persons  meeting  both  qualifications  (and  married) .  A  good 
system  must  be  capable  to  recognize  all  these  possible 
meanings. 

The  item  (c)  refers  how  to  go  through  a  number  of  the 
data  files  in  the  database  in  a  step-by-step  approach  in 
order  to  obtain  the  information  requested.  This  means  that 


the  INTELLECT  must  know  the  file  structures  in  the  database 
quite  well. 


The  item  (d)  refers  to  memorizing  the  previous 
queries  and  the  retrieved  results  for  those  queries  in 
order  to  understand  what  are  implied  by  the  present  query. 
For  example*  there  are  two  queries  in  this  order: 

1)  Who  are  the  managers  at  ABC  Corp? 

2)  How  many  of  them  are  under  30? 

The  word  "them"  in  the  second  query  refers  to  the  list  of 
names  retrieved  for  the  first  query. 

The  item  (d)  also  refers  to  another  situation. 

For  example: 

"What  was  the  company  total  sale  two  years  ago?" 

Since  this  is  the  year  of  1984,  the  INTELLECT  would 
retrieve  the  company  total  sale  in  1982.  This  means  that 
INTELLECT  keeps  track  of  the  time  frame. 

3)  Decision  Support  System 

The  Decision  Support  System  (DSS)  has  been 
characterized  as  interactive  computer-based  systems  that 
help  decision  makers  utilize  data  and  models  to  solve 
unstructured  problems  [5] .  The  term  "unstructured 
problems"  has  been  used  to  mean  not  pre-defined  problems. 
The  Management  Information  Systems  (MIS)  are  supposed  to 
provide  data  to  pre-definec  types  of  manager's  query.  It 
is  the  predecessor  to  the  development  of  DSS.  However  from 
a  system  analyst's  view,  MIS  is  a  degenerated  type  of  DSS; 


and  a  degenerated  MIS  is  the  straight-forward  data 
retrieval  system.  It  is  from  this  view  that  the  diagram  in 
Figure  3  represents  a  universal  information  system  for 
natural  language  query. 


VIII.  PROCEDURE  FOR  SYSTEM  IMPLEMENTATION 

The  basic  strategy  for  system  impl ementation  is  to 
grow  the  computerized  system  slowly  in  parallel  with  the 
existing  manual  system,  and  to  phase  out  the  manual  system 
gradually  at  the  same  time.  This  approach  seems  to  have 
the  best  chance  to  succeed.  The  validity  of  this  approach 
has  been  confirmed  by  the  statement,  "parallel  installation 
seems  the  most  likely  to  succeed...,"  of  Sprague  and 
Carlson,  in  their  book  Building  Effective  Decision  Support 
System  f 51 .  One  proposal  for  the  system  implementation 
consists  of  fi/e  steps.  Those  steps  are  detailed  in  a  memo 
[6]  to  Mr.  Robert  Bachert,  ny  effort-focal-point  at  AMRL. 

IX.  RECOMMENDATIONS  FOR  FUTURE  RESEARCH 

Our  research  goal  is  to  extend  our  abilities  for 
designing  good  information  systems.  Naturally,  the 
question,  "What  is  a  good  information  system  ?"  would 
arise.  With  the  understanding  that  an  information  system 
is  used  to  provide  information  needs  of  humans,  we  know 
that  a  good  information  system  should  have  all  the 
capabilities  of  a  human  being.  That  means  it  should  be  made 
intelligent  by  some  artificial  methods.  Thus,  the  study  of 
all  aspects  of  artificial  intelligence  are  within  the 
domain  of  information  system  research. 
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Sowa  states  in  his  book  [7]  that,  *  Artificial 
Intelligence  is  the  study  of  knowledge  representations  and 
their  use  in  language  ,  reasoning,  learning,  and  problem 
solving."  Thus  there  are  five  broad  areas  for  our  future 
research.  Asio:.g  those  five,  knowledge  representation  is  the 
most  fundamental  element  of  them  all.  Since  six  years  ago, 
this  writer  has  begun  research  on  semantic  network  which  is 
a  sub-area  of  knowledge  representation.  He  plans  to 
continue  that  research,  and  use  the  ORACLE  Relational 
Database  Management  System  in  combination  with  programming 
language  to  implement  those  new  semantic  networks  for 
demonstration  purposes. 
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THE  "PROCESSING  WINDOW  FOR  THE  NEAR  BETA 
Tl-10V-2Fe-3Al  ALLOY 
by 

Dr.  Isaac  Ueiss 
ABSTRACT 


The  control  of  grain  size,  grain  shape  and  uniformity  in  order  to 
avoid  the  formation  of  mixed  grain  size  structure  during  processing 
from  the  ingot  can  be  of  great  importance  for  further  thermomechanical 
processing  and  for  optimizing  of  final  mechanical  properties.  It  has 
ber  .  shown  that  this  control  can  be  achieved  by  processing  through  a 
certain  temperature  range  termed  the  "processing  window”.  The 
objective  of  the  present  work  was  to  determine  the  “processing  window” 
for  the  commercial  Ti-10V-2Fe-3Al  alloy.  Test  coupons  taken  from  the 
ingot  were  forged  to  different  total  strain  of  30%  and  105%  at 
temperatures  ranging  between  705  *C  (1300*F)  and  1365  *C  (2500*F). 
Following  deformation,  the  test  pieces  were  annealed  under  vacuum  at 
temperatures  ranging  from  815*C  (15Q0#F)  to  1337  C  (2450*F)  for  1  hour. 
Specimens  were  then  oil  quenched  so  that  progress  of  static 
recrystallization  could  be  followed.  It  was  found  that  the  appearance 
of  the  mixed  grain  size  structure  is  associated  with  the 
recrystallization  /grain  growth  behavior  at  high  temperatures.  The 
"processing  window"  for  material  forged  to  a  105%  true  strain  was 
observed  to  extend  to  a  higher  processing  temperature  with  minimum 
processing  temperature  of  1145  *  C  (2100  *  F)  and  lower  annealing 
temperature  of  1050  C  (1950  F)  in  comparison  to  the  "processing  window" 
for  the  material  forged  to  a  true  strain  of  30%. 
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INTRODUCTION: 


Because  of  the  Interplay  between  recrystallization  and  grain 
growth,  processing  of  beta  titanium  alloys  can  lead  to  the 
formation  of  a  mixed  grain  size  structure  containing  large  and 
small  grains  (1).  The  mixed  grain  size  structure  is  undesirable 
and  contributes  to  poor  high  temperature  flow,  and  inferior  room 
temperature  properties.  Once  introduced,  it  is  impossible  to 
remove  the  mixed  grain  size  structure  by  heat  treatment  alone,  so 
that  processing  is  needed  to  uniformly  refine  the  microstructure 
(1). 

Mixed  grain  structures  were  found  after  either  cold  or  warm 
working  [below  855*C  (1575*F)]  the  metastable  beta  titanium  alloys, 
Ti-10Mo-6Cr-25Al  and  Ti-10Mo-8V-2 . 5A1  and  annealing  at  980*0  (1800* 
F).  This  microstructure  is  a  result  of  selective  recrystallization 
in  the  finer  grains,  with  the  driving  force  for  grain  growth 
rapidly  decreasing  because  of  the  competition  from  recovery, 
resulting  in  a  mixed  grain  size  (1). 

Studies  of  the  austenite  microstructure  during  hot  rolling  of 
steels  reveals  that  under  the  conditions  where  partial 
recrystallization  occurs  in  the  transition  temperature  range  from 
recrystallization  to  non-recrys tallization,  the  mixed  grain 
structure  is  produced  by  preferential  recrystallization  at 
austenite  grain  boundaries,  the  grain  interior  being  left 
unrecrystallized  (2).  In  addition,  when  coarse  austenite  grains 
are  growing  rapidly  after  recrystallization,  as  a  result  of  light 
deformation  passes,  a  mixed  grain  structure  also  develops  (3,4). 
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II.  OBJECTIVES  OF  THE  RESEARCH  EFFORT: 


The  purpose  of  the  present  study  was  to  Investigate  the  effect  of: 

1.  Hot  deformation, 

2.  Post  deformation  heat  treatment, 


[II.  MATERIALS  AND  EXPERIMENTAL  PROCEDURE: 

Forgin’  blanks  (50mm  x  25mm  x  25mm)  were  taken  from  a  305mm 
cast  Ingot  with  a  nominal  composition  of  Ti-10V-2Fe-3Al.  These 
were  hot  die  forged  to  true  strain  of  3QZ  and  105Z  at  temperatures 
between  1300*F  and  2500*F  as  shown  In  table  1. 


Table  ’ 


Serial 

Number 

Forging 

Temperature 

(*F) 

True  Strain 

(Z) 

Annealing 

Temperature 

<F) 

Annealing 

Time 

(hr) 

Cooling 

A(30) 

1300 

30 

1500-2400 

1 

Oil-Q 

A(  105) 

1300 

105 

1500-2400 

1 

Oil-Q 

B(30) 

1700 

30 

1500-2400 

1 

Oil-Q 

B( 105) 

1700 

105 

1500-2400 

1 

Oil-Q 

C(30) 

1900 

30 

1500-2400 

1 

Oil-Q 

C( 105) 

1900 

105 

1500-2400 

1 

Oil-Q 

D(30) 

2300 

30 

1500-2400 

1 

Oil-Q 

D(105) 

2300 

105 

1500-2400 

1 

Oil-Q 

E(30) 

2500 

30 

1500-2400 

1 

Oil-Q 

E( 105) 

2500 

105 

1500-2400 

1 

Oil-Q 

A 

50  ton  hydraulic  pres3  was 

used  at  a 

ram  speed  of 

5cm/min. 

(2in/mln.).  Deformed  specimens  were  polished  and  macroetched  in 
Kroll  solution  to  groove  the  deformed  grain  boundaries.  The 
etched  specimens  were  then  vacuum  annealed  for  1  hour  at 
temperatures  between  1500* F  and  2450°  F.  Following  oil  quenching, 
the  polished  surface  of  the  annealed  specimen  simultaneously  shows 


the  prior  deformed  grain  boundaries  ("ghost  boundaries”)  and  the 
position  of  the  newly  recrystallized  grains  (thermally  etched). 
This  procedure  was  used  to  evaluate  the  progress  of 
recrystallization  during  annealing  (5). 

IV.  INITIAL  MICROSTRUCTURE: 

The  initial  microstructure  of  the  forging  blanks  are  shown  in 
figure  1.  These  forging  blanks  were  taken  along  the  cast  ingot. 


Samples 


A( 105 ) ,  B( 105 ) ,  C( 105 ) ,  D(105) ,  and  2(105)  all 


contain  columnar  grain  structure,  while  specimens  B(30),  C(30),  a(30), 
D(30),  and  E(30)  display  an  equiaxed  grain  morphology. 

V.  MICROSTRUCTURE  OF  DEFORMED  SAMPLES: 

The  specimens  forged  to  a  true  strain  of  30%  exhibiting  the 
original  as  cast  microstructure.  Some  elongated  grains  are  found 
to  exceed  50mm  in  length  while  most  of  the  equiaxed  grains  are 
smaller  than  25mra.  Deformation  to  a  true  strain  of  105%  flattens 
both  the  equiaxed  and  elongated  grains  in  a  direction 
perpendicular  to  the  forging  axis. 

VI.  MICROSTRUCTURE  OF  DEFORMED  AND  ANNEALED  MATERIAL: 

The  microstructures  of  specimens  forged  to  true  strain  of  30% 
at  1700  #F  [Specimens  B(30)],  2000°F  [Specimen  C( 30) ] ,  2500  ®F 
[Specimen  E ( 30 ) ]  and  subsequent  annealed  at  1900*F  for  1  hour  are 


shown  in  Figure  2.  Annealing  samples  with  columnar  and  equiaxed 
structure  at  1900  F  resulted  In  a  mixed  grain  structure  as  shown 
in  figures  2b,  2c,  and  2e.  Here,  the  recrystallized  grains  are 
superimposed  on  the  "ghost  boundaries"  of  the  deformed  grains. 
The  volume  fraction  of  the  recrystallized  grain  is  smaller  than 
that  of  the  recovered  grains.  The  recrystallized  grains  exhibit  a 
large  radius  of  curvature  indicating  a  very  low  driving  force  for 
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growth  into  the  recovered  region  (1,6).  A  fully  recrystallized 
microstructure  (Fig.  3/  is  observed  whenever  specimens  with 
columnar  and  equiaxed  grains  are  forged  at  1700  F,  2000  F,  and 
2500°  F  and  annealed  above  2300 *F.  This  fully  recrystallized 
microstructure  apparently  results  from  the  high  annealing 
temperatures  and  the  high  driving  force  for  grain  boundary 
migration.  This  microstructure  still  contains  the  "ghost 
boundaries”  of  the  original  grains,  which  appear  to  be  smaller 
than  the  newly  recrystallized  grains.  The  large  recrystallized 
grains  are  the  result  of  recrystallization  and  rapid  grain  growth 
occuring  during  annealing  after  deformation  of  30%.  Finer 
recrystallized  grains  are  produced  in  annealed  samples  forged  to  a 
total  crue  strain  of  105%.  The  smaller  grains  are  the  result  of 
an  Increase  in  the  nucleation  density  which  occurs  during  the 
deformation  and  the  subsequent  anneal. 

VII.  THE  PROCESSING  WINDOW: 

Figure  A  and  5  show  the  effect  of  processing  and  annealing 
temperatures  on  the  microstructure  of  specimens  forged  to  a  true 
strain  of  30%  and  105%  respectively.  Specimens  forged  30%  [(1700* 
F  specimens  B ( 30 ) ]  were  found  to  require  a  lower  anneal 

temperature  of  2300  F  to  produce  a  fully  recrystallized  structure 

•  a 

than  samples  processed  at  2300  F  and  2500  F.  These  observations 
can  be  rationalized  in  terms  of  the  way  these  grains  deform  and 
the  driving  force  for  recrystallization  and  growth  during 

annealing.  The  partially  recrystallized  microstructures  observed 

0 

at  lower  annealing  temperatures  (below  2300  F)  are  associated  with 
sub-structure  formation  during  the  deformation  as  well  as  slow 
migration  of  the  recrystallized  grain  boundaries  curing  annealing. 
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During  deformation  of  beta  titanium  (which  has  a  high  stacking  fault 
energy)  dynamic  recovery  occurs.  This  process  is  so  rapid  that  dynamic 
recrystallization  is  suppressed  (7).  'n  subsequent  annealing,  nuclei 
for  static  recrystallization  develop  selectively  along  grain  boundary 
regions  where  the  localized  strain  is  greater  and  more  crystal 
deformation  '  systems  tend  to  operate  as  a  result  of  plastic 
incompatibility.  These  nuclei  rapidly  produce  new  recrystallized 
grains  with  large  radius  of  curvature.  The  well  developed  and 
homogeneously  distributed  recovered  sub-structure  present  in  the  grain 
interior,  especially  in  specimens  deformed  at  2500 ®F,  reduces  the 
stored  energy  accumulated  during  deformation  to  such  a  low  level  that 
the  driving  force  for  growth  of  the  recrystallized  grains  is  very  low 
(1).  Under  these  conditions  grain  boundary  migration  of  the 
recrystallized  grains  is  extremely  slow  and  a  mixed  grain  size 
structure  develops.  A  mixed  grain  size  structure  can  also  form  during 
annealing  when  the  deformation  substructure  tends  to  localize,  as 
appears  to  occur  during  forging  at  1700*F,  and  subsequent  annealing  at 
2200  F  between  the  regions  in  the  processing  diagram  (Fig.  4  and  5)  in 
which  a  mixed  grain  structure  occurs  a  "processing  window"  exists  for 
which  a  uniform  recrystallized  structure  results.  Similar  results  are 
obtained  for  material  processed  to  105%  true  strain.  The  "processing 
window"  is  observed  to  expend  toward  higher  processing  temperature, 
with  a  minimum  processing  temperature  of  2100*F,  as  well  as  to  lower 
annealing  temperature,  with  minimum  annealing  temperature  of  1950* F 
compared  to  the  "processing  window"  for  material  forged  30%  as  shown  in 
figure  5.  The  shift  of  the  "processing  window"  may  be  attributed  to  a 
more  uniform  sub-structure  which  forms  during  forging  above  1800 *F,  as 
well  as  the  increase  in  driving  force  for  grain  growth  during 


annealing. 


Recommendation 


The  "processing  window"  determined  in  this  work  was  found  to  be  a 
result  of  the  non-homogeneous  deformation  below  1800° F.  However, 
initial  grain  shape  and  size  and  solute  concentration  both  affect  the 
magnitude  of  the  "processing  window"  and  should  be  investigated  in 


future  research  work. 
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ABSTRACT 

Theoretical  models  applied  to  the  adsorption  of  four 
concentrations  of  trichloroethylene  (TCE)  (300,  600,  1000,  1300 
my/m^ )  from  air  at  low  relative  humidity  predicted  the  following: 
adsorptive  capacity  of  activated  carbon  (maximum  error  compared 
to  actual  data  <  17%),  shape  of  the  breakthrough  curve  (maximum 
error  <  4%),  and  time  to  contaminant  breakthrough  (maximum  error 
<  8%).  These  low  humidity  data  were  then  compared  to  TCE 
adsorption  by  the  same  carbon  at  four  other  relative  humidities 
(25%,  50%,  65%,  85%),  The  following  observations  were  made. 
Increasing  levels  of  humidity  had  increasingly  deleterious 
effects  on  the  adsorptive  capacity  of  activated  carbon  at  all  TCE 
concentrations  tested.  The  adverse  effect  caused  by  the  presence 
of  water  vapor  was  more  significant  at  the  lower  TCE  concentra¬ 
tions  than  at  higher  concentrations.  The  presence  of  water  vapor 
not  only  decreased  the  carbon’s  adsorptive  capacity  but  also 
reduced  its  efficiency  by  increasing  the  dispersion  of  the  break¬ 
through  curve.  Data  at  all  humidity  levels  fit  the  Dubinin- 
Polanyi  isotherm  equation  equally  well,  indicating  the  impact  of 
water  vapor  on  the  adsorptive  capacity  of  carbon  for  TCE  is 
predictable  and  could  be  accurately  modeled. 
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I.  INTRODUCTION 

Air  stripping  of  volatile  organic  contaminants  (VOC)  from 
water  is  emerging  as  an  efficient  treatment  process.  Addition¬ 
ally,  air  stripping  has  the  advantage  of  being  much  less  expen¬ 
sive  than  alternative  control  processes,  such  as  aqueous  phase 
activated  carbon.  For  these  reasons,  it  is  an  attractive  alter¬ 
native  to  the  Air  Force  for  their  groundwater  cleanup  operations. 
However,  several  states  consider  the  contaminants  transferred  to 
the  gaseous  phase  during  air  stripping  as  a  point  source  of  air 
pollution  which  may  require  additional  cleanup  efforts.  In  anti¬ 
cipation  of  added  control  requirements,  the  Air  Force  has 
initiated  research  to  ii.vestigate  pollution  control  processes  to 
remove  VOC  from  the  discharged  air  of  a  stripping  operation. 

Gaseous  phase  carbon  adsorption  is  a  process  by  which  VOC  in 
air  could  be  removed.  However,  characteristics  of  the  discharge 
air  of  a  stripping  operation  are  not  optimal  for  efficient 
adsorption.  Two  major  problems  exist  with  the  stripper  discharge 
air.  First,  the  VOC  concentration  in  the  air  is  likely  to  be  low 
because  of  the  advantage  of  a  high  air  to  water  ratio  during  a 
typical  stripping  operation.  Unfortunately,  the  capacity  of 
activated  carbon  for  an  adsorbate  decreases  with  decreasing 
adsorbate  concentration.  Most  research  on  gaseous  phase  carbon 
adsorption  has  been  performed  at  higher  VOC  concentrations  than 
would  be  encountered  from  a  stripping  operation;  thus,  theoreti¬ 
cal  formulations  to  predict  adsorption  efficiency  have  been 
developed  for,  and  verified  by,  adsorption  at  high  VOC  concentra¬ 
tions.  It  is  necessary  to  determine  whether  these  theoretical 
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models  are  valid  predictors  at  VOC  concentrations  within  the 
range  produced  during  an  air  stripping  operation.  Second,  the 
air  streams  containing  the  VOC  would  also  have  a  high  water  vapor 
concentration.  Numerous  reports  written  on  the  subject  of 
gaseous  phase  carbon  adsorption  mention  the  detrimental  effect  of 
humidity  on  the  adsorption  process  (e.g.,  1,2,3),  but  few  studies 
exist  which  have  quantified  the  magnitude  of  the  impact. 
Furthermore,  no  study  has  been  located  which  has  systematically 
tested  the  effect  of  several  levels  of  humidity  on  adsorptive 
efficiency  at  various  concentrations  of  a  VOC.  If  there  is  an 
interaction  between  the  relative  adsorption  efficiency  at 
different  humidity  levels  and  VOC  concentration,  it  would  be 
desirable  to  take  measures  to  optimize  adsorption  effectiveness 
in  an  overall  air  stripping/carbon  adsorption  process.  Fcr 
example,  if  a  given  level  of  humidity  has  a  greater  deleterious 
effect  at  lower  VOC  concentration  than  at  higher  concentration, 
it  may  be  desirable  to  reduce  the  air  to  water  ratio  in  the 
stripping  operation  to  increase  the  VOC  concentration  in  the  air 
and,  thereby,  increase  the  effectiveness  of  subsequent  carbon 
adsorption. 

The  present  study  was  designed  to  investigate  the  above 
mentioned  problems  pertaining  to  carbon  adsorption  of  VOC  from 
air  stripping  discharge,  and  to  begin  to  determine  whether  VOC 
adsorption  will  be  a  viable  option  to  the  Air  Force. 
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II.  RESEARCH  OBJECTIVES 

The  primary  objective  of  the  project  was  to  assess  the  impact 
ot  water  vapor  concentration  on  the  effectiveness  of  trichloro¬ 
ethylene  ( TCE )  adsorption  by  activated  carbon.  To  meet  the 
objective,  it  was  first  necessary  to  assure  that  the  experimental 
system  was  providing  reliable  results,  based  on  existing 
published  research  and  theoretical  models.  Thus,  a  secondary 
objective  was  to  apply  existing  theory  to  the  experimental  data 
to  assess  agreement  between  theory  predictions  and  the  data  for 
the  following  important  factors:  (1)  the  adsorptive  capacity  of 
the  activated  carbon,  (2)  shape  of  the  breakthrough  curve,  and 
(3)  time  to  a  given  level  ot  contaminant  breakthrough.  The 
accurate  body  of  theory  based  on  sound  assumptions  will  be 
recommended  to  the  Air  Force  for  potential  use  in  additional 
research  and  full  scale  operation.  The  effect  of  humidity  on 
each  of  the  above  mentioned  fators  will  be  assessed  to  further 
analyze  the  nature  and  extent  of  the  impact  of  water  vapor  on  TCE 
adsorption. 

III.  EXPERIMENTAL  METHODS  AND  DESIGN 

The  experimental  system  employed  for  this  research  is 
illustrated  in  Figure  1.  Dry  (<  5  percent  relative  humidity) 
purified  air  entered  the  system  through  a  pressure  valve  (2). 

The  air  was  split  immediately  following  the  pressure  valve  into 
two  streams.  A  small  portion  (0.2  to  0.5  percent)  flowed  through 
an  air  flow  controller  (3)  to  the  TCE  generating  apparatus 
consisting  of  a  4.5  cm  impinger  tube  partially  filled  with  TCE 
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Figure  1.  Diagram  of  the  Experimental  System 
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(4)  m  a  temperature  controlled  water  bath  (5).  The  bulk  of  the 
air  (^1U  1/min)  flowed  through  a  rotometer  (6)  and  into  the  main 
portion  of  the  system.  That  main  air  stream  could  also  be  split, 
a  portion  flowing  through  two  5  cm  glass  tubes  (8)  connected  in 
series  and  partially  filled  with  water  to  humidify  the  air.  The 
tubes  contained  plastic  Pall  rings  to  distribute  the  air  and 
increase  air-water  contact.  The  first  tube  in  the  series  was 
wrapped  with  heating  tape  to  warm  the  water  and  thereby  increase 
its  rate  of  transfer  to  the  air  stream.  The  other  portion  of  the 
air  flow  was  kept  dry.  The  three  portions  of  air  (TCE  laden, 
water  vapor  laden,  and  pure  dry  air)  were  united  and  directed 
through  a  20  liter  equalization  vessel  (9)  to  dampen  short-term 
variation  in  TCE  concentration  and  air  humidity.  The  total  air 
stream  then  passed  over  a  temperature  probe  (10)  and  a  small  air 
volume  (2b  ml/min)  entered  a  dew  point  sensor  (11).  Thus,  air 
temperature  and  water  vapor  concentration  were  continuously 
monitored  using  a  General  Eastern  Model  Hygrocomputer  (12).  Air 
pressure  was  measured  within  the  system  using  a  pressure  gage 
(13).  A  portion  of  the  air  stream  (  2.3  1/min)  was  then 

diverted  to  a  gas  chromatograph  (15)  for  influent  TCE 
concentration  determination,  while  the  remainder  (7.7  1/min)  was 
directed  through  the  activated  carbon  column  (14).  Effluent  from 
the  column  was  also  directed  to  the  gas  chromatograph  for  TCE 
concentration  analysis.  A  second  pressure  gage  (13)  connected 
across  the  column  measured  pressure  drop  due  to  air  flow  through 
the  carbon. 
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The  7.7  1/min  air  flow  through  the  activated  carbon  column 
resulted  in  a  linear  velocity  of  25  cm/s  in  the  2.54  cm  column 
and  an  air  retention  time  within  the  carbon  of  0.5  s.  TCE 
concentration  in  influent  and  effluent  air  was  measured  at  15  to 
20  minute  intervals  throughout  an  experimental  run.  When  the 
effluent  TCE  concentration  stabilized  at  the  influent 
concentration  the  experiment  was  terminated. 

CECA  GAC48C  Carborundum*  activated  carbon  was  used  for  all 
trials.  A  weighed  amount  of  carbon  (37.5  g)  which  was  distilled 
water  washed  and  oven  dried  was  placed  over  a  thin  layer  of  glass 
wool  in  the  column  to  give  a  carbon  bed  depth  of  13.5  cm. 
Experiments  were  performed  at  4  TCE  concentrations  (roughly  300, 
600,  900,  and  1300  mg/m^)  each  at  5  levels  of  relative  humidity 
( <5,  25,  50,  65  and  85  percent). 

XV.  RESULTS  AND  DISCUSSION 

A.  Data  Fit  to  Model  Predictions 

Most  theoretical  models  developed  to  predict  the  various 
critical  aspects  of  carbon  adsorption  have  been  developed  for  one 
adsorbate  system  under  conditions  of  low  humidity.  Therefore, 
only  the  data  collected  under  the  lowest  water  vapor 
concentrations  (<5%  relative  humidity)  will  be  analyzed  in  this 
section.  In  the  following  section  that  data  (considered  to  be 
the  base-line  data)  will  do  compared  to  data  collected  under 
conditions  of  higner  relative  humidity  to  assess  the  impact  of 
water  vapor  on  carbon  adsorption. 
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Traditionally,  adsorption  isotherms  have  been  used  to 
relate  the  adsorptive  capacity  of  carbon  to  some  equilibrium 
concentration  of  the  adsorbate.  Three  commonly  used  isotherm 
equations  are  listed  and  described  in  Table  1.  Although  all  of 
these  isotherm  equations  are  used  to  describe  gaseous  phase 
carbon  adsorption,  and  all  fit  the  data  of  this  experiment  well, 
only  the  Dubinin-Polanyi  equation  makes  valid  assumptions  for 
this  application  (4).  In  addition,  the  Dubinin-Polanyi  equation 
is  much  more  powerful  and  useful  as  a  prediction  method  than  the 
other  equations  (4,5).  For  the  above  reasons,  only  the 
Dubinin-Polanyi  equation  will  be  utilized  for  subsequent 
theoretical  formulation  in  this  paper.  Figure  2  shows  the  fit  of 
the  low  humidity  data  to  Dubinin-Polanyi  equation. 

The  Dubinin-Polanyi  equation  can  be  used  to  predict  an 
isotherm  at  any  temperature  and  with  any  adsorbate  based  on  the 
isotherm  of  a  reference  adsorbate.  Values  for  parameters  of  the 
equation  can  be  found  in  the  literature  or  in  chemistry 
handbooks.  Figure  3  graphically  depicts  the  experimental  data, 
and  includes  a  comparison  with  the  equation's  predictions.  Tne 
the  predictions  represent  maximum  adsorptive  capacity  which  is 
usually  measured  under  static  conditions,  whereas  the  actual 
values  were  obtained  by  dynamic  adsorption  for  which  kinetic 
effects  could  reduce  the  adsorptive  capacity.  Even  with  that 
problem,  the  actual  value  of  each  point  is  within  171  of  it3 
predicted  value.  Wo,  a  parameter  based  on  pore  size  distribution 
of  the  carbon,  was  not  available  from  the  manufacturer  for  the 
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TABLE  1.  ISOTHERM  EQUATIONS  AND  CORRELATION  COEFFICIENTS 
OBTAINED  FROM  EXPERIMENTAL  DATA 

Langmuir  Isotherm  (r2  *  0.952) 

Q  =  Qm  kCe/( 1  +  kCe ) 

I/Q  -  1/Qm  kCe  +  1/Qm) 

Q  *  Adsorbate  sorbed  per  unit  mass  of  adsorbent 
Ce  =  Equilibrium  adsorbate  concentration 
Qm  =  Limiting  (maximum)  sorptive  capacity  of  adsorbent 
k  3  Coefficient  of  adsorbate/adsorbent  system 

Freundlich  Isotherm  (r2  m  0.986) 

q  a  k  C1-/0 

log  Q  ■  log  k  +  1/n  log  0 

k,n  *  coefficients  of  adsorbate/adsorbent  system 

Dubinin-Polanyi  Isotherm  (r2  *  0.983) 

W  -  Wo  e"K3/B2(RT  in  p°/p>2 

In  W  »  In  Wo  -  Ks/B2  (RT  In  Po/P)2 

W  ■  Volume  of  adsorbate  sorbed  per  unit  adsorbent 

Wo  -  Limiting  (maximum)  sorptive  capacity  of  adsorbent, 

(0.505  ml ,/g ) 

K  *  Parameter  dependent  on  adsorbent/adsorbate  system, 

(2.89  x  10-9  moi2/j2) 

B  -  Affinity  coefficient  of  adsorbate,  (1.14) 

R  *  Universal  gas  constant,  (8.3143  J/Mol/K) 

T  »  Temperature  in  Kelvin,  (296  K) 

P  *  Actual  vapor  pressure  of  adsorbate  (mm  Hg) 

P0  ■  Saturated  vapor  pressure  of  adsorbate  (60  mm  Hg  at  296K) 
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carbon  used  for  these  experiments  so  the  value  for  a  closely 
related  carbon  (CECA  41U)  was  substituted.  Urano  et  al.  (5) 
presents  a  complete  explanation  for  the  application  of  the 
Dubinin-Polanyi  equation  and  for  the  conversions  necessary  to 
obtain  the  independent  variable  in  units  of  concentration  (g/n\3) 
and  the  dependent  variable  as  mass  adsorptive  capacity  (g/g). 

Contaminant  breakthrough  curves  from  activated  carbon  beds 
typically  follow  a  sigmoidal  pattern,  resulting  from  the  normal 
distnbu  ion  of  velocities  among  the  population  of  adsorbate 
molecules  (6).  Thus,  according  to  Gruber  and  coworkers  (6,7,8), 
the  breakthrough  curve  can  be  described  by  a  cumulative  normal 
probability  curve,  and  the  dispersion  of  the  curve  for  a  given 
set  of  conditions  can  be  calculated  from  as  few  as  two  points  on 
the  curve.  If  the  degree  of  dispersion,  or  standard  deviation 
(  (p  ) ,  tor  the  curve  is  known  along  with  a  single  point  on  the 
curve  the  remainder  of  the  curve  can  be  predicted.  Furthermore, 
the  relative  standard  deviation  (defined  as  <T  /T50,  where  T50 
is  time  to  breakthrough  of  50%  of  the  influent  concentration) 
should  be  the  same  for  any  concentration  of  a  given 
adsorbate/adsorbent  combination  (6,7).  Therefore,  the  potential 
exists  for  predicting  an  entire  breakthrough  curve  by  knowing 
only  a  single  point  on  a  curve  and  the  relative  standard 
deviation  obtained  at  another  adsorbate  concentration.  The 
obvious  advantage  of  using  this  concept  is  that  time  to  critical 
contaminant  breakthrough  can  be  estimated  with  few  effluent 
samples. 
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Experimental  data  were  applied  to  the  above  concept.  Overall 
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adsorptive  capacity  was  predicted  within  -3.5  to  +3.7  percent 
(mean  51  0.4%)  of  the  actual  measured  capacity.  The  relative 
standard  deviation  ranged  from  0.100  to  0.167  with  a  mean  of 
0.126,  These  results  indicate  a  TCE  breakthrough  curve  can  be 
accurately  predicted  by  an  adjusted  cumulative  probability  curve 
and  the  concept  of  the  relative  standard  deviation. 

Gruber  and  Burgess  (7)  present  several  equations  to  predict 
the  time  to  a  critical  level  of  contaminant  breakthrough  from  an 
activated  carbon  column.  Using  the  assumption  of  a  predictable 
shape  for  the  breakthrough  curve  (as  described  above)  and  a 
generalized  Dubinin-Polanyi  isotherm  presented  by  these  authors, 
time  to  50%  breakthrough  was  predicted  for  the  various  TCE 
influent  concentrations  used  in  this  study.  Comparisons  between 
predictions  and  actual  breakthrough  time  are  presented  in  Table 
2.  The  maximum  error  for  predicting  breakthrough  time  was  7.4 
percent. 

Based  on  the  above  analyses  two  conclusions  are  made.  First, 
the  data  generated  by  this  research  effort  are  reliable  based  on 
comparisons  with  predictions  of  existing  theoretical  models. 

Thus,  the  base-line  data  obtained  at  low  humidity  can  be  compared 
with  confidence  to  higher  humidity  trials  to  assess  effects  of 
humidity  on  carbon  adsorption.  Second,  the  existing  body  of 
theory  was  very  useful  for  predicting  critical  factors  of 
contaminant  adsorption  by  activated  carbon.  This  body  of  theory 
might  prove  useful  for  full-scale  operations. 
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TABLE  2.  DEVIATION  FROM  PREDICTED  TIME  TO  50%  BREAKTHROUGH 
AT  LOW  RELATIVE  HUMIDITY  (<5%) 


Influent  Cone. 
(mq/m3 ) 

Breakthrough 

Actual 

Time  (hour) 
Predicted 

Percent  Deviation 

+7.4 

303 

76.5 

71.2 

602 

45. 1 

45.6 

-1.1 

895 

35.9 

34.6 

+3.8 

987 

32.8 

32.2 

+  1.9 

1331 

26.4 

25.9 

+  1.9 

.-.v.v 
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The  quantity  of  TCE  adsorbed  per  gram  of  activated  carbon 
at  eac1-  influent  TCE  concentration  and  level  of  relative  humidity 
tested  are  presented  in  Figure  4.  Excluding  the  trials  with  25% 
humidity  at  1000  and  1300  mg  TCE/m3,  increasing  concentrations  of 
water  vapor  had  an  increasing  deleterious  effect  on  the  carbon's 
adsorptive  capacity  for  TCE.  Actual  values  obtained  during  the 
study  are  listed  in  Table  3.  Although  numerical  differences  of 
adsorptive  capacity  between  high  and  low  humidity  are  generally 
less  at  lower  TCE  influent  concentrations  than  for  higher 
concentrations,  the  relative  differences  are  greater  for  the 
former.  An  example  will  help  to  illustrate  this.  Subtracting 
values  for  the  lowest  relative  humidity  (<5%)  from  the  highest 
(85%)  at  TCE  influent  concentrations  of  300  mg/m3  and  1300  mg/m3 
results  in  differences  in  adsorptive  capacity  of  0.259  g/g  at  the 
lower  TCE  concentration  and  0.313  g/g  at  the  higher 
concentration.  However,  the  percent  adsorptive  capacity 
maintained  was  higher  for  the  1300  mg  TCE/m3  comparison  (28%) 
than  for  the  300  mg/m3  comparison  (9%). 

Loss  of  adsorptive  capacity  at  various  relative  humidities 
was  calculated  for  each  humidity  trial  within  an  influent  TCE 
concentration.  These  comparisons  are  presented  in  Table  4.  In 
all  cases,  relative  adsorptive  capacities  decreased  faster  with 
increasing  relative  humidity  at  low  TCE  concentrations  than  at 
higher  TCE  concentrations.  Thus,  there  is  an  important 
interaction  between  relative  humidity  and  TCE  concentration  which 


INFLUENT  TCE  CONC.  <mg/m°> 


Figure  4 


Measured  Adsorptive  Capacities  at  Various  Influent 
TCE  Concentrations  and  Levels  of  Relative  Humidity 
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TABLE  3 


TCE  ADSORBED  AT  VARIOUS  INFLUENT  CONCENTRATIONS 
AND  LEVELS  OF  RELATIVE  HUMIDITY 


Relative  Humidity 

TCE  Influent 

TCE  Adsorbed 

► 

<%) 

Cone  (mq/m^) 

(qTCE/q  carbon) 

| 

<5 

303 

0.286 

25 

295 

0.257 

50 

293 

0.180 

i- 

65 

29  5 

0.114 

y 

85 

293 

0 . 027 

y 

m 

<5 

602 

0.334 

M 

25 

605 

0.320 

50 

597 

0.284 

65 

599 

0.160 

85 

593 

0.054 

y 

1 

<5 

895 

0.  395 

* 

<5 

987 

0.399 

k 

25 

995 

0.403 

„ 

50 

978 

0.  342 

y 

65 

996 

0.218 

*• 

85 

986 

0.098 

V 

<5 

1331 

0.434 

a* 

i 

25 

1306 

0.431 

■k, 

50 

1356 

0.370 

*• 

65 

1322 

0.262 

85 

1304 

0.121 

*4* 

L 

K 

r. 
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TABLE  4.  TCE  ADSORBED  STANDARDIZED  TO  THAT  ADSORBED  AT  LOW 
RELATIVE  HUMIDITY  <<5%) 


Relative  Humidity  (%) 


? 

TCE  Influent 

<5 

25 

50 

65 

85 

It 

Cone,  (mg/m-*) 

Relative 

Amount 

Adsorbed 

300 

100 

90 

63 

40 

9 

600 

100 

96 

85 

48 

16 

j 

1000 

100 

101 

87 

55 

25 

1300 

100 

99 

85 

61 

28 

I 


TABLE  5.  TIME  TO  BREAKTHROUGH  OF  10%  OF  THE  INFLUENT  TCE 
CONCENTRATION  STANDARDIZED  TO  THAT  VALUE  AT  LOW 
RELATIVE  HUMIDITY  (<5%) 


Relative  Humidity  (%) 

TCE  Influent  <5  25  50  65  85 

Cone,  (mg/m^)  Relative  Amount  Adsorbed 


300 

100 

67 

58 

32 

9 

600 

100 

82 

77 

38 

15 

1000 

100 

93 

80 

48 

24 

1300 

100 

87 

83 

51 

27 
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should  be  considered  when  designing  an  air  stripping/gaseous 
phase  carbon  adsorption  process.  In  some  cases,  it  may  be 
beneficial  to  reduce  the  air  to  water  ratio  of  the  stripping 
operation  (even  though  that  would  reduce  stripping  efficiency)  to 
obtain  a  higher  concentration  of  VOC  in  the  air  and,  thereby, 
reduce  the  negative  impact  of  water  vapor  during  the  air 
adsorption  portion  of  the  operation. 

The  shape  of  the  breakthrough  curve  is  a  factor,  in  addition 
to  the  overall  adsorption  capacity,  which  could  influence  the 
length  of  time  a  batch  of  activated  carbon  can  be  utilized.  As 
discussed  previously  in  this  paper,  dispersion  associated  with  a 
breakthrough  curve  can  be  described  by  the  relative  standard 
deviation  of  the  curve.  The  mean  relative  standard  deviation  was 

0.126  (range  =*  0.100  to  0.167)  for  the  low  humidity  trials;  that 

same  parameter's  value  was  0.210  (range  0.156  to  0.298) 
considering  all  trials  above  the  minimum  relative  humidity. 

Thus,  water  vapor  not  only  reduced  the  adsorptive  capacity  of  the 
carbon  in  these  experiments  but  also  caused  the  breakthrough 
curve  to  be  more  dispersed  over  time.  A  result  of  widening  the 
breakthrough  curve  is  to  reduce  the  carbon's  efficiency  since  a 
critical  breakthrough  concentration  (if  less  than  50%  of  the 
influent  adsorbate  concentration)  will  be  reached  sooner  than  it 
would  be  for  a  narrower  breakthrough  curve  even  if  the  carbon  in 

both  cases  had  the  same  overall  adsorptive  capacity.  Table  5 

contains  the  time  to  breakthrough  of  10%  of  the  influent  TCE 
concentration  standardized  to  the  breakthrough  time  for  the 
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lowest  humidity  (i.e.,  the  humidity  at  which  water  vapor  is 
assumed  to  have  no  effect).  If  water  vapor  had  no  effect  on  the 
carbon’s  efficiency  due  to  changes  in  the  shape  of  the 
breakthrough  curve,  values  in  Table  4  and  Table  5  would  be 
identical.  Values  in  Table  5  are  less  than  the  corresponding 
values  in  Table  4,  which  reflects  the  effect  of  the  increased 
dispersion  of  the  breakthrough  curves.  Surprisingly,  the 
breakthrough  curves  were  not  dispersed  at  highest  relative 
humidity  (85%).  No  conclusive  explanation  can  be  offered  for 
that  apparent  anomalay  at  this  time.  Results  of  the  analysis  of 
data  in  Table  5  are  of  practical  importance  only  when  a  single 
column  is  employed.  If  two  or  more  columns  are  employed  in 
series  the  entire  adsorptive  capacity  of  the  first  column  could 
be  exhausted,  so  the  shape  of  the  breakthrough  curve  would  be  of 
little  significance. 

Data  from  each  humidity  level  were  fit  to  the  Dubinin-Polanyi 
Isotherm  model.  As  demonstrated  in  Figure  5  results  at  all 
humidity  levels  fit  the  model  equally  well  (r2  greater  than  0.92 
for  all  cases).  The  changing  slopes  from  one  humidity  level  to 
another  also  clearly  demonstrates  the  interaction  between 
humidity  levels  and  adsorbate  concentrations.  A  given  humidity 
level  exerted  a  greater  effect  at  low  TCE  concentrations  than  at 
higher  concentrations,  as  discussed  earlier  in  this  paper. 

Since  the  Dubinin-Polanyi  Isotherm  equation  is  followed  so 
closely  at  all  humidities  it  can  be  assumed  that  water  vapor  is 
exerting  a  predictable  effect  on  the  carbon's  capacity  to  adsorb 
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Figure  5.  TCE  Adsorption  Results  at  rive  Levels  of  Relative 


Humidity  Fit  to  the  Dubinin-Polanyi  Isotherm 
Eguat ion 


TCE.  The  predictability  suggests  that  the  system  could  be 
accurately  modeled  to  asses  the  impact  of,  or  the  interference 
caused  by,  water  vapor  on  the  adsorptive  capacity  of  carbon  at 
other  levels  of  humidity. 

V.  SUMMARY  AND  CONCLUSIONS 

A.  Models  exist  which  accurately  predicted  results  of 
trichloroethylene  (TCE)  adsorption  by  activated  carbon  from  air 
at  low  levels  of  humidity.  The  following  important  factors  were 
predicted : 

1.  Adsorptive  capacity  of  activated  carbon. 

2.  Shape  of  the  contaminant  breakthrough  curve. 

3.  Time  to  breakthrough  of  a  given  contaminant 
concentration. 

B.  Water  vapor  exerted  a  deleterious  effect  on  activated 
carbon's  adsorptive  capacity.  Increasing  levels  of  relative 
humidity  had  increasing  deleterious  impacts.  The  effect  of 
humidity  was  greater  at  low  TCE  concentrations  than  at  the  higher 
TCE  concentrations  tested.  In  general,  water  vapor  also  caused  a 
greater  degree  of  dispersion  in  the  contaminant  breakthrough 
curve  which  has  the  effect  of  reducing  the  efficiency  of  the 
carbon  to  an  extent  greater  than  suggested  by  the  reduction 
caused  to  the  carbon  adsorptive  capacity. 

C.  The  Dubinin-Folany i  equation  fit  the  data  obtained  at  all 
levels  of  relative  humidity  equally  well,  indicating  the  effect 
of  water  vapor  on  TCE  adsorption,  and  possibly  other  organic 
contaminants,  could  be  accurately  modeled. 
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VI.  RECOMMENDATIONS 


This  research  demonstrated  (1)  the  accuracy  of  several  models 
for  predicting  important  aspects  of  gaseous  phase  carbon 
adsorption  at  low  relative  humidity  and,  (2)  the  predictable 
effect  water  vapor  has  on  the  effectiveness  of  the  adsorption 
process.  Both  of  these  were  demonstrated  for  a  single  adsorbate, 
TOE,  under  constant  experimental  conditions.  It  is  recommended 
that  these  findings  be  applied  to  the  design  and  operation  of 
full-scale  adsorption  processes.  To  extend  the  usefulness  of  the 
results,  three  areas  of  additional  research  are  recommended, 
first,  adsorption  models  need  to  be  tested  on  a  variety  of 
adsorbates  in  different  classes  of  organic  compounds  under 
varying  conditions  of  adsorption  (e.g.  different  carbons, 
different  air  flow  rates  and  different  temperatures).  The  object 
of  the  testing  vould  be  *:o  determine  how  robust  existing  models 
are.  Existing  adsorption  studies  which  have  been  published  cou  .d 
be  used  for  this  analysis.  Second,  a  model  should  be  developed 
to  predict  the  effect  of  humidity  on  gaseous  phase  carbon 
adsorption  for  different  adsorbates  under  various  levels  of 
relative  humidity.  Results  of  this  research  indicate  the  effect 
of  water  vapor  on  adsorption  should  be  amenable  to  accurate 
modeling.  Third,  the  interaction  between  adsorbates  in  a 
multi-adsorbate  system  (i.e.,  competitive  adsorption)  needs  to  be 
investigated.  The  approach  to  this  problem  could  be  similar  to 
the  one  taken  for  the  second  research  recommendation. 
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ABSTRACT 


The  determination  of  the  performance  of  the  LPC-10  Voco¬ 
der  in  the  processing  of  adult  male  and  female  whispered  and 
normally  phonated  connected  speech  was  the  focus  of  this  study. 
It  was  found  that  the  LPC-10  Vocoder's  analysis  of  whispered 
speech  compared  quite  favorably  with  similar  studies  which  used 
sound  spectrographic  processing  techniques.  It  was  also  found 
that  shifting  from  phonated  speech  quality  to  whispered  speech 
quality  caused  a  substantial  increase  in  the  phonemic  formant 
frequencies  and  formant  bandwidths  for  both  male  and  female 
speakers. 

The  data  from  this  study  showed  no  evidence  that  the  LPC- 
10  Vocoder's  ability  to  process  voices  with  pitch  extremes 
and  quality  extremes  was  limited  in  any  significant  manner. 

A  comparison  of  the  unprocessed  natural  vowel  waveforms  and 
qualities  with  the  synthesized  vowel  waveforms  and  qualities 
revealed  almost  imperceptible  differences. 

It  was  recommended  that  an  investigation  of  the  LPC-10 
Vocoder's  ability  to  process  linguistic  and  dialectical 
suprasegmental  features  such  as  intonation,  rate  and  stress 
at  low  bit  rates  should  be  a  critical  issue  of  concern  for 
future  research. 
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I.  INTRODUCTION 


The  determination  of  the  most  efficacious  method  of 
transmitting  speech  signals  in  narrowband  form  has  been 
a  major  focus  of  speech  researchers  and  communications  engi¬ 
neers  dating  back  as  far  as  1928  when  Homer  Dudley  introduced 
a  device  called  a  "vocoder "l.  The  development  of  efficient 
speech  coding  methods  continues  to  be  an  area  of  critical 
concern,  especially  for  the  Air  Force,  because  the  ability 
to  manipulate  speech  signals  over  communications  transmission 
channels  through  efficient  and  versatile  coding  procedures 
would  greatly  enhance  air-to-air  and  air-to-ground  reconnais¬ 
sance  and  surveillance. 

Significant  advancements  have  been  made  in  speech  coding 
technology  since  Dudley's  prototype  vocoder.  Moreover,  the 
narrowband  linear  predictive  coding  (LPC)  technique  has  be¬ 
come  widely  used  in  both  civilian  and  military  applications^. 
However,  in  spite  of  its  recent  widespread  use,  in  spite 
of  the  many  improvements  made  in  it  and  in  spite  of  its 
adoption  as  the  military  standard,  the  LPC  vocoder  still 
has  not  undergone  a  systematic  and  comprehensive  evaluation 
for  general  and  practical  applications. 

The  present  project  was  designed  to  test  the  LPC-10 
Vocoder's  performance  during  the  processing  of  speakers 
whose  voices  represent  vocal  extremes  in  respect  to  pitch 
and  quality.  The  impetus  for  this  study  emanated  from  the 
following  general  hypotheses  and  findings  that  were  reported 
in  recent  signal  and  speech  transmissions  literature: 

1.  A  speaker's  voice  quality  has  a  clear  effect 
on  the  subsequent  LPC  quality5. 

2.  The  efficacy  of  LPC  analysis  has  been  shown 
to  be  dependent  on  the  fundamental  frequency 
of  the  voiced  signal. 

3.  Narrowband  LPC  notoriously  lacks  robustness5. 

4.  LPC  has  difficulties  with  the  voices  of  women 
and  children0. 

5.  The  presence  of  whisper  and  nasality  has  a  nega¬ 
tive  influence  on  intelligibility  for  both  male 
and  female  LPC  quality?. 
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Although  a  few  studies  have  examined  the  performance  of 
LPC  vocoders  for  design  purposes,  their  "robustness",  i.e. 
their  ability  to  process  a  variety  of  voice  types  and  speaking 
styles  during  practical  user  applications  is  yet  to  be  de¬ 
termined.  Information  pertaining  to  the  robustness  of  LPC 
vocoders  is  of  utmost  importance  to  signal  transmissions 
personnel  and  to  communications  engineers  becasue  such  in¬ 
formation  should  aid  in  continued  development  and  improvement 
of  speaker  independent  speech  recognition  technology. 

H .  OBJECTIVES 

The  overall  objective  of  the  present  project  was  to 
determine  the  robustness  of  the  LPC-10  Vocoder  by  assessing 
its  ability  to  process  voices  with  pitch  and  quality  extremes. 
The  specific  objectives  were: 

1.  To  evaluate  the  ability  of  the  LPC-10  Vocoder 
to  process  phonated  and  whispered  speech. 

2.  To  evaluate  the  ability  of  the  LPC-10  Vocoder 
to  process  voices  representing  different  sexes, 
i.e.  voices  with  fundamental  frequency  and  for¬ 
mant  frequency  extremes. 

3.  To  determine  the  acoustic  characteristics,  i.e. 
the  formant  frequencies,  formant  bandwidths  and 
formant  amplitudes  of  male  and  female  phonated 
and  whispered  vowels  during  connected  speech. 

Whispered  and  phonated  voice  characteristics  were  selected 
as  the  focus  of  this  study  because  (1)  they  represent  two 
extremes  of  voice  production  or  laryngeal  activity8,  (2)one 
of  the  concomitants  of  human  fatigue  is  dysphonia  which  may 
range  from  partial  to  complete  loss  of  voice  and  (3)  previous 
research  has  indicated  that  the  formant  frequencies  of  whispered 
isolated  vowels  are  higher  than  those  of  phonated  isolated 

9 

vowels  .  Male  and  female  voices  were  used  because  it  is 
commonly  known  that  the  habitual  pitch  for  female  voices 
is  almost  twice  the  habitual  pitch  for  male  voices. 

The  LPC  technique  was  of  particular  concern  to  this 
study  because,  as  pointed  out  earlier,  it  has  been  adopted 
as  the  military  standard.  Purportedly,  this  technique  is 
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•specially  attractive  to  military  communications  personnel 
because  (1)  only  a  short  segment  of  speech  is  needed  to 
yield  accurate  results,  (2)  it  is  suitable  for  analyzing 
high  pitched  voices,  such  as  women  and  children,  and  (3) 
data  rate  can  be  reduced  to  approximately  2400  bits/sec. 
without  producing  degradation  in  speech  quality^. 

III.  METHOD 


Subjects 

Seven  young  adult  males  and  four  young  adult  females 
who  demonstrated  normal  speech  and  hearing  characteristics 
produced  the  speech  samples  for  this  study.  Their  ages 
ranged  from  19-32  years  and  17-24  years,  respectively.  The 
mean  age  for  males  was  23.6  years  and  the  mean  age  for  fe¬ 
males  was  21.3  years.  All  of  the  subjects  grew  up  in  the 
northeastern  region  of  the  United  States  and  spoke  primarily 
General  American  English  dialect. 

Speech  Sample 

Each  of  the  11  subjects  was  instructed  to  first  normally 
phonate  a  list  of  five  sentences  and  secondly  to  whisper 
the  same  list.  Embedded  in  each  of  the  five  stimulus  sen¬ 
tences  was  an  "h_d"  word  in  which  were  embedded  the  experi¬ 
mental  vowels:  /i/,  /ae/,  /u/,  /o/  and  /*/  (see  Figure  1). 

These  particular  vowels  were  selected  because  they 
represent  essentially  the  cardinal  or  articulatory  extremes 
for  English  vowel  production  (  see  Figure  3). 

Instrumentation 

The  LPC-10  Vocoder  was  the  speech  processing  device 
used  in  the  present  study.  The  LPC-10  is  a  time-domain 
device  that  analyzes  and  synthesizes  speech  using  the  prin¬ 
ciples  of  linear  predictive  coding.  Linear  predictive  coding 
is  a  speech  modeling  technique  which  approximates  a  given 
speech  signal  as  a  linear  combination  of  past  samples  of 
a  hypothetical  input  to  a  system  whose  output  is  the  given 
speech  signal.  The  predictor  coefficients  which  become 
the  parameters  of  the  digital  analysis  filter  are  determined 
by  minimizing  the  squared  differences  between  the  actual 
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speech  samples  and  the  linearly  predicted  ones. 

Since  the  vocoder  analyzes  a  given  speech  sample  before 
it  reconstructs  it  from  the  analysis  data,  it  is  possible 
to  remove  information  redundancy  or  to  compress  a  speech 
sample  if  desired. 

It  should  be  noted  that  device  used  in  the  present 
study  was  computer  simulation  of  the  LPC-10  Vocoder.  For 
testing  purposes,  the  computer  simulated  version  of  the 
vocoder  actually  allowed  more  flexibility. 

Recording  Procedure 

Each  of  the  subject's  speech  samples  was  stored  by 
recording  them  on  a  Uher  Model  4000  Report  IC  reel-to-reel 
magnetic  tape  recorder  while  each  subject  was  seated  in 
an  IAC  sound  attenuating  booth.  Each  subject  was  allowed 
to  practice  the  list  of  sentences  under  the  whispered  and 
phonated  conditions  until  he  felt  comfortable  with  his  pro¬ 
ductions.  An  Uher  Model  M518  Dynamic  Microphone  was  positioned 
5  inches  in  front  of  each  subject's  mouth,  slightly  below 
the  level  of  the  lips  during  the  recording  of  the  samples. 

Any  samples  that  the  investigator  judged  as  faulty  during 
his  monitoring  of  the  recording  sessions  were  repeated  by 
the  subject  until  an  acceptable  sample  was  produced. 

Analysis  Procedure 

Prior  to  analyzing  the  speech  samples,  each  of  the 
vowel  embedded  words  was  isolated  from  the  carrier  sentences 
by  mechanical  hand  splicing.  One  foot  cf  leader  tape  was 
spliced  onto  each  side  of  each  of  the  vowel-embedded  words 
so  that  the  vowel  samples  could  be  fed  continuously  into 
the  computer  during  analysis.  During  the  splicing  procedure, 
the  phonated  and  whispered  productions  of  a  given  vowel 
were  paired  so  that  they  could  be  subsequently  analyzed 
and  displayed  together. 

Thus  each  of  the  11  subjects  had  a  total  of  5  pairs 
of  vowel -embedded  words  which  were  fed  from  the  tape  recorder 
output  directly  into  the  analog-to-digital  preprocessor 
(see  Figure  2).  For  example,  a  phonated  /i/  and  a  whispered 
/i/  were  digitized  and  analyzed  together,  and  so  on. 
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The  digitalization  process  consisted  of  low  pass  filtering 
each  of  the  sample  pairs  at  5000  Hz  with  a  sampling  rate  of 
10000  Hz.  Once  the  sample  pairs  were  digitized,  they  were  stored 
on  a  disk  as  a  sampled  data  file  or  primary  file. 

At  this  point,  the  linear  predictive  coding  analysis  phase 
was  initiated  by  giving  the  computer  the  API  command  which 
instructed  the  simulated  vocoder  to  analyze  and  model  the 
spectral  characteristics  of  the  input  data  (the  digitized 
sample  pair  in  the  sampled  data  file)  using  the  linear  pre¬ 
dictive  coding  method.  In  addition,  the  excitation  or  funda¬ 
mental  frequency  status  was  determined  using  a  modified 
cepstral  processing  technique. 

Upon  completion  of  the  LPC  analysis  via  the  API  execution, 
the  analysis  data  was  stored  on  a  disk  and  designated  as 
the  secondary  file  or  analysis  file.  From  the  analysis 
file,  a  variety  of  acoustic  parameters  could  be  extracted 
(see  Figure  2)  once  the  appropriate  command  was  given. 

The  first  data  analysis  output  program  was  the  speech 
spectrogram  ( SGM ) .  This  program  computed  a  frequency  spectrum 
at  specified  points  in  time  of  the  speech  samples  by  performing 
a  Past  Pourier  Transform  (PPT)  on  the  coefficients  that  were 
determined  during  the  LPC  analysis.  When  SGM  was  completed, 
the  formant  frequencies,  formant  bandwidths  and  formant 
amplitudes  became  available  in  the  analysis  file. 

Pollowing  the  SGM  program,  a  Formant  Tracking  (FTR) 
program  was  executed  which  essentially  provided  a  trace 
of  the  formant  trajectories  on  the  previously  completed 

digital  spectrogram  (see  Figure  5). 

At  this  point,  the  fundamental  frequency,  formant  frequen¬ 
cy,  formant  amplitude  and  formant  bandwidth  data  were  printed 
out  by  activating  the  Interactive  Editing  (IAB)  mode.  Thus 
for  each  of  the  speech  samples,  the  fundamental  frequencies, 
formant  frequencies,  formant  bandwidths,  and  formant  ampli¬ 
tudes  were  printed  out  for  8  frames  or  points  in  time  (dura¬ 
tion  of  each  frame-6.4  ms)  from  the  center  of  each  of  the 
vowel  samples. 

Prom  the  analysis  data  file,  three  additional  graphic 
displays  of  the  phonated  and  whispered  speech  samples  were 
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produced:  SP1  (Spectral  Plot),  PPL  (Frequency  Plot),  PDI 
(Raw  Spectral  Plot)  and  VTR  (Vocal  Tract  Plot).  Examples 
of  these  displays  may  be  observed  in  Figures  6-10,  respective¬ 
ly.  The  SPL  display  is  a  three-dimensional  plot  of  formant 
frequency  and  amplitude  as  functions  of  time.  The  PPL  display 
is  essentially  the  same  as  the  SPL  display  with  the  exception 
that  the  spectrum  of  each  frame  is  displayed  separately 
which  allows  a  more  detailed  observation  of  formant  frequency 
and  amplitude  variations  over  time.  The  PDI  display  is 
a  raw  spectral  display  of  the  harmonics  as  well  as  the  for¬ 
mants  for  a  selected  segment  of  a  given  sample.  A  smoothing 
curve  ( SSP)  may  be  superimposed  on  the  raw  spectrum  to  show 
actual  formant  peaks  and  peak  amplitudes. 

The  VTR  display  shows  the  vocal  tract  configurations 
that  produced  the  various  formant  frequencies  at  specific 
points  in  time. 

V.  RESULTS 

Twenty  (20)  phonated  and  20  whispered  speech  samples 
were  identified  as  meeting  the  target  vowel  productions 
for  the  female  subjects  while  35  phonated  and  35  whispered 
samples  were  identified  as  meeting  the  target  vowel  produc¬ 
tions  for  the  male  subjects.  Thus  40  adult  female  vowels 
and  70  adult  male  vowels  taken  from  connected  speech  provided 
the  analysis  data  for  this  study.  The  mean  values  obtained 
from  the  LPC  acoustic  analyses  are  tabulated  in  Tables  1-9. 
Males 

An  observation  of  the  data  in  Table  1  indicates  that 
Formant  1  is  higher  in  frequency  for  all  five  vowels  when 
they  are  whispered  than  when  they  are  phonated.  Formant 
1  for  the  whispered  vowels  was  on  the  average  147  Hz  higher 
than  Formant  1  for  the  phonated  vowels. 

Table  2  indicates  that  the  Formant  1  bandwidths  followed 
a  similar  trend.  The  Formant  1  bandwidths  for  the  whispered 
vowels  were  on  the  average  59  Hz  wider  than  the  Formant 
1  bandwidths  for  the  phonated  vowels. 


The  Formant  1  amplitudes  followed  a  reverse  trend  as 
can  be  observed  in  Table  3.  The  Formant  1  amplitudes  were 
on  the  average  9  dB  greater  in  magnitude  for  the  phonated 
vowels  than  for  the  whispered  vowels.  However,  Table  3 
also  indicates  that  there  was  a  shift  in  energy  towards 
Pormant  3  for  the  whispered  vowels  wherein  most  of  the  spec¬ 
tral  energywas  concentrated  at  Formants  1  and  2  for  the 
phonated  vowels.  The  Formant  3  amplitudes  are  on  the  average 
2  dB  greater  in  magnitude  for  the  whispered  vowels  than 
Formant  3  for  the  phonated  vowels.  It  may  also  be  observed 
that  Formants  1,  2  and  4  amplitudes  were  greater  for  the 
phonated  vowels  for  the  male  speakers.  One  of  the  more 
salient  differences  between  phonated  and  whispered  vowels 
then  was  the  shift  of  spectral  energy  towards  Formant  3 
for  whispered  vowels.  Figures  6,  7  and  10  provide  graphic 
examples  of  this  trend. 

The  same  trends  that  were  reported  for  Formant  1  center 
frequencies  for  phonated  and  whispered  vowels  may  be  observed 
for  Formants  2,  3  and  4.  Formants  2,  3  and  4  for  the  vowel 
/i/,  however,  were  higher  in  frequency  for  the  phonated 
vowels  than  for  the  whispered  vowels. 

No  discernible  pattern  of  difference  can  be  observed 
for  Formants  2,  3  and  4  bandwidths,  although  the  Formant 
2  bandwidths  were  wider  for  all  of  the  whispered  vowels 
than  for  the  corresponding  phonated  vowels  with  the  exception 
of  the  vowel  /u/  (see  Table  2). 

Table  3  indicates  further  that  all  of  the  formant  ampli¬ 
tudes  were  greater  for  the  phonated  vowels  except  for  the 
Formant  3  amplitudes.  As  was  noted  earlier,  the  majority 
of  the  spectral  energy  was  concentrated  at  Formant  3  for 
the  whispered  vowels. 

It  can  also  be  observed  in  Table  1  that  the  mean  funda¬ 
mental  frequency  (F0)  for  the  male  phonated  vowels  was  126 
Hz  while  the  mean  F0  for  the  whispered  vowels  was  0  Hz. 

The  0  values  for  the  whispered  vowels  verified  that  indeed 
the  whispered  vowels  were  not  voiced  or  phonated  (Whisper 
is  defined  as  the  production  of  normally  phonated  sounds 
without  voiced ) .  The  126  Hz  mean  Fg  is  also  very  close 


to  the  normative  value  given  in  the  literature  for  adult 
male  habitual  pitch. 

Females 

An  examination  of  Table  4  indicates  that  the  mean  Formant 

1  frequencies  for  females  were  cn  the  average  167  Hz  higher 
for  the  whispered  vowels  than  for  the  phonated  vowel3.  The 
same  trend  was  observed  earlier  for  the  male  subjects. 

Table  5  indicates  that  the  Formant  1  and  2  bandwidths 
were  wider  for  the  whispered  than  for  the  phonated  /i/, 

/u/  and  /a/  while  the  opposite  trend  for  the  vowels  /ae/ 
and  /a/  is  indicated.  The  Formant  1  bandwidths  were  on 
the  average  57  Hz  wider  for  the  whispered  vowels  than  for 
the  phonated  vowels  while  the  Formant  2  bandwidths  were 
on  the  average  96  Hz  wider. 

As  was  observed  with  the  male  speakers.  Formant 

2  center  frequencies  were  higher  for  all  of  the  whispered 
vowels  than  for  the  phonated  vowels  with  the  exception  of 
the  vowel  /i/  (see  Table  4).  No  discernible  pattern  of 
difference  was  observed  for  Formants  3  and  4  center  frequen¬ 
cies,  bandwidths  and  amplitudes. 

Table  4  shows  that  the  mean  fundamental  frequency  for 
the  female  phonated  vowel3  was  217  Hz  and  r.he  mean  F0  for 
the  whispered  vowels  was  0.  As  was  pointed  out  for  the 
males,  the  C  Hz  F0  for  the  female  whispered  vowels  verified 
by  definition  that  the  female  whispered  vowels  lacked  voice. 

The  217  Hz  mean  F0  is  almost  identical  with  the  220 
Hz  normative  habitual  pitch  that  is  commonly  reported  in 
the  literature  for  young  adult  females. 

VI.  DISCUSSION  AND  CONCLUSIONS 

A  comparison  of  the  male  and  female  phonated  and  whispered 
vowel  spectra  as  produced  by  the  LPC-10  Vocoder  indicated 
that  for  ail  of  the  experimental  vowels.  Formant  1  center 
frequencies  were  higher  under  the  whispered  condition  than 
under  the  phonated  condition.  The  actual  mean  differences 
were  147  Hz  and  167  Hz  for  the  males  and  females,  respectively. 
The  identical  finding  wa3  reported  by  Kallail  and  Emanuel 
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(1984).  However,  the  present  study  used  male  and  fer  'e 
vowels  in  connected  speech  wherein  the  Kallail  and  Emanuel 
study  used  female  vowels  only  spoken  in  isolation. 

The  increased  Formant  1  center  frequency  for  whispered 
vowels  can  probably  be  attributed  to  greater  vertical  tongue 
constriction  that  is  used  when  producing  whispered  vowels. 
Figures  7  and  8  provide  graphic  evidence  of  greater  tongue  height 
and  greater  constriction  in  the  pharyngeal  area  for  whispered 
vowels  than  for  phonated  vowels.  It  is  well  known  that 
vowel  Formant  1  center  frequency  is  associated  with  movements 
of  the  tongue  within  the  vertical  plane  of  the  oral  cavity. 

It  is  also  well  known  that  the  frequency  of  Formant  1  is 
raised  by  constriction  of  the  pharynx*^. 

A  comparison  of  the  adult  male  phonated  vowel  formants 
with  those  reported  by  Peterson  and  Barne>*3(p  fi  B)  and 
Fairbanks  and  Grubbs*4  indicates  very  close  agreement  (see 
Table  7).  The  mean  differences  between  the  Peterson  and 
Barney  male  Formant  1,  2  and  3  frequencies  and  the  LPC-10 
male  phonated  Formant  1,  2  and  3  frequencies  were  45  Hz, 

116  Hz  and  53  Hz,  respectively. 

Similarly,  Table  8  shows  that  adult  female  phonated 
vowel  formants  compared  quite  favorably  with  the  adult  female 
formants  reported  by  Peterson  and  Barney.  The  mean  differences 
between  the  P  &  B  adult  female  Formant  1  frequencies  and 
the  LPC  adult  female  phonated  Formant  1  frequencies  were 
71  Hz,  125  Hz  and  220  Hz,  respectively. 

These  results  would  suggest  that  the  linear  predictive 
coding  fundamental  frequency  and  formant  frequency  extraction 
techniques  are  quite  adequate  when  compared  with  the  data 
obtained  from  conventional  sound  spectrographic  techniques. 

It  should  be  pointed  out  however  that  the  adult  females' 

Formant  3  values  as  reported  by  the  present  study  and  those 
reported  by  Peterson  and  Barney  are  different  enough  to 
suggest  some  measurement  disparity.  The  present  data  did 
not  permit  the  specification  of  the  direction  of  the  disparity. 

In  an  effort  to  assess  the  LPC  vocoder's  ability  to 
process  whispered  speech,  the  LPC  measured  whispered  vowel 
formants  as  produced  by  adult  females  were  compared  to  the 
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female  whispered  vowel  formants  reported  by  Kallail  and 
Emanuel  (K  t  E)  which  were  measured  with  the  sound  spectro¬ 
graph.  These  data  are  presented  in  Table  9.  It  can  be 
observed  that  the  mean  differences  between  I.PC  measured 
whispered  Formants  1,2  and  3  and  the  spectrographic  whis¬ 
pered  Formants  1*2  and  3  were  89  Hz,  283  Hz  and  311  Hz, 
respectively.  Although  these  results  compare  favorably, 
all  of  the  vowel  Formant  3  values  measured  with  the  sound 
spectrograph  were  higher  than  the  Formant  3  values  that 
were  obtained  with  the  LPC  vocoder.  A  similar  result  was 
noticed  earlier  when  the  Peterson  and  Barney  female  Formant 
3  values  were  compared  with  the  LPC  Formant  3  values. 

This  trend  suggests  that  one  of  the  two  measurement  tech¬ 
niques  understimated  or  over  estimated  Formant  3  center 
frequency  values.  Additional  research  is  needed  to  clarify 
this  issue  more  definitively. 

In  summary,  the  data  obtained  from  this  study  suggests 
the  following: 

1.  The  LPC-10  Vocoder's  performance  in  pro¬ 
cessing  whispered  and  phonated  speech  when 
compared  with  conventional  sound  spectro¬ 
graphic  techniques  measured  up  quite  favora¬ 
bly  for  the  first  two  formants  in  adult  male 
and  female  speakers.  The  LPC  vocoder's  abili¬ 
ty  to  process  the  higher  formant3  needs  further 
research. 

2.  The  LPC-10  Vocoder  processed  voices  with 
pitch  extremes  quite  well.  It-s  fundamental 
frequency  tracking  precision  compared  very 
closely  with  previously  reported  spectrographic 
data  for  male  and  female  vowels. 

3.  The  most  salient  acoustic  difference  between 
phonated  and  whispered  vowels  in  connected 
speech  was  an  increase  in  the  frequency  of 

the  first  thr  ,-e  formants,  the  greatest  increase 
occurring  at  Formant  1  for  males  and  females. 

4.  Whispered  vowels  had  wider  formant  bandwidths 
than  phonated  vowels  for  male  and  female  spoken 
vowels. 

5.  For  phonated  vowels,  most  of  the  spectral 
energy  was  concentrated  at  the  first  two  formants 
for  males  and  females  while  the  majority  of 

the  spectral  energy  shifted  from  the  lower  two 
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formants  to  the  Formant  3  area  for  male 
and  female  whispered  vowels. 

6.  The  LPC-10  Vocoder's  synthesized  pho- 
nated  and  whispered  vowel  waveforms  and 
qualities  and  the  unprocessed  phonated  and 
whispered  vowel  waveforms  were  barely  dis¬ 
cernible,  although  the  difference  between 
the  synthesized  and  unprocessed  whispered 
vowel  waveforms  and  qualities  were  slightly 
more  noticeable  than  the  differences  between 
the  unprocessed  and  synthesized  phonated 
vowel  waveforms  and  qualities  (see  Figure  11). 

VII.  RECOMMENDATIONS 

Although  the  results  of  the  LPC-10  Vocoder's  processing 
of  phonated  and  whispered  speech  and  the  data  obtained  from 
previous  spectrographic  analysis  compared  rather  well,  there 
is  still  a  need  for  further  research  which  systematically 
tests  the  LPC  vocoder's  ability  to  process  more  intermediate 
qualities  such  as  nasality,  harshness,  stridency,  etc. 

It  would  alco  be  extremely  important  to  determine  the 
influance  of  dialectal  differences  (regional  and  foreign)  on 
the  processing  ability  of  the  LPC-10  Vocoder.  There  is  a 
dearth  of  research  relative  to  this  issue. 

Finally,  there  is  a  need  for  research  to  study  the 
influence  oe  various  suprasegmental  or  prosodic  speech  fea¬ 
tures  such  /.ntonation,  rate  and  duration  on  LPC  vocoding 
at  different  M.-  rates,  particularly  at  2400  bits/second 
and  lower. 
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PHONATED 


1.  The  syllable  heed  is  the  word. 

2.  The  syllable  had  is  the  word. 

3.  The  syllable  who 'd  is  the  word. 

4.  The  syllable  hod  is  the  word. 

5.  The  syllable  hud  is  the  word. 

WHISPERED 

1.  The  syllable  heed  is  the  word. 

2.  The  syllable  had  is  the  word. 

3.  The  syllable  who 'd  is  the  word. 

4.  The  syllable  hod  is  the  word. 

5.  The  syllable  hud  is  the  word. 


Figure  1.  The  stimulus  material  used  by  each  of  the  11  sub¬ 
jects  to  produce  the  experimental  vowel  samples.  Each  of  the 
vowels  were  produced  with  the  same  consonantal  environment 
while  the  vowel  embedded  words  were  contained  in  the  came 
carrier  sentences. 
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Figure  2.  Block  diagram  of  the  computer  simulation  of  the  LPC-10 
Vocoder  used  to  analyze  and  synthesize  the  phonated  and  whispered 
speech  samples. 
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Figure  3.  A  diagram  of  the  relative  tongue  positions  in  the 
oral  cavity  used  in  the  General  American  English  production 
of  the  five  (5)  experimental  vowels:  /i/,/ae/,/u/,/U/,/A/. 
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Figure  4.  An  oscillographic  display  of  an  adult  male's  pro¬ 
duction  of  a  phonated  [P]  and  wnispered  [W]  vowel  /a/  prior 
to  LPC  processing.  Note  that  the  vowel  is  embedded  in  the 
word  "Hud". 


Figure  5.  A  digital  spectrogram  [ SGM]  with  formant  tracking 
[FTRJ  for  an  adult  male  speaker's  production  of  a  phonated 
[P]  and  whispered  ( W ]  vowel  /a/  embedded  in  the  word  "Hud". 
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Figure  6.  A  3-dimensional  plot  [SPL}  of  8  frames  of  formant 
frequency  and  amplitude  as  a  function  of  time  for  an  adult 
male's  (a)phonated  and  (b)whispered  production  of  the  vowel 

A/. 
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Figure  8.  The  vocal  tract  lVTR]  configurations  over  8  frames 
during  an  adult  male's  phonated  production  of  the  vowel  /a/. 
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Figure  9.  The  vocal  tract  (VTR)  configurations  over  eight  frames 
during  an  adult  male’s  whispered  production  of  the  vowel  /a/. 
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Figure  11.  An  oscillographic  display  of  an  adult  male's 
(a)  natural  production  of  the  phonated  and  whispered  vowel 
/a/  and  (b)  the  synthesized  waveform  of  the  adult  male's 
production  of  the  phonated  and  whispered  vowel  /a/. 
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Table  1.  Average  formant  frequency  and  fundamental  frequency 
values  for  male  phonated  and  whispered  productions  of  the 
experimental  vowels.  .  Standard  deviations  are  given  in  paren¬ 
theses  below  each  of  the  mean  values,  negative  differences 
indicate  that  the  whispered  values  are  larger  than  the  pho¬ 
nated  values. 
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•All  formant  and  fundaamntal  frequency  values  are  In 
Hartz  (Hz). 
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Table  2.  Average  formant  bandwidth  values  for  male  phonated 
and  whispered  productions  of  the  experimental  vowels.  Standard 
deviations  are  given  in  parentheses  below  each  of  the  mean 
values.  Negative  differences  indicate  that  the  whispered  values 
are  greater  than  the  phonated  values. 
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Table  3.  Average  formant  amplitude  values  for  male  phonated  and 
whispered  productions  of  the  experimental  vowels.  Standard  devi¬ 
ations  are  given  in  parentheses  below  each  of  the  mean  values. 
Negative  differences  indicate  that  the  whispered  values  are 
greater  than  the  phonated  values. 
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*AI *  amplitude  values  are  In  decibels  (dB). 
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Table  4.  Average  formant  frequency  and  fundamental  frequency 
values  for  female  phonated  and  whispered  productions  of  the 
experimental  vowels.  Standard  deviations  are  given  in  paren¬ 
theses  below  each  of  the  mean  values.  Negative  differences 
indicate  that  the  whispered  values  are  greater  than  the  pho¬ 
nated  values. 
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*A11  formant  and  fundamental  frequency  values  are  in 
Hertz  (Hz). 
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Table  5.  Average  formant  bandwidth  values  for  female  phonated 
and  whispered  productions  of  the  experimental  vowels.  Standard 
deviations  are  given  in  parentheses  below  each  of  the  mean 
values.  Negative  differences  indicate  that  the  whispered 
values  are  greater  than  the  phonated  values. 
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Table  6.  Average  formant  amplitude  values  for  female  pho- 
nated  and  whispered  productions  of  the  experimental  vowels. 
Standard  deviations  are  given  in  parentheses  below  each  of 
the  mean  values.  Negative  differences  indicate  that  the 
whispered  values  are  greater  than  the  phonated  values. 
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•All  amplitude  values  are  In  decibels  (dB). 
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#7*  *$•  ®«an  £ormant  frequencies  and  fundamental  freouen 
lp?  v^LadUlt-*BfJC  phonated  vowels  as  determined  by  the 
f °?f  #nd  ti6  ®ean  £ormant  frequencies  and  fundamental 

bHSJ  ?p  !  P?r  SdUlt  mal®  vowela  “Ported  by  Peterson  and 
Barney  (P  «  E)  as  measured  with  a  sound  spectrograph. 
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Table  8.  The  mean  formant  frequencies  and  fundamental  frequen¬ 
cies  for  adult  female  phonated  vowel3  as  measured  with  the 
LPC  vocoder  and  the  mean  formant  frequencies  and  fundamental 
frequencies  for  adult  female  phonated  vowels  as  reported  by 
Peterson  and  Barney  (P  &  B)  as  measured  with  a  sound  spectro¬ 
graph. 
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•All  formant  frequency  values  are  in 
Hertz  ( Hz ) . 
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Table  9.  Mean  formant  frequencies  for  adult  female  whispered 
vowels  reported  by  Kallail  and  Emanuel  (K  a  E)  and  the  mean 
formant  frequencies  for  adult  female  whispered  vowels  as 
measured  with  the  LPC  vocoder.  Negative  differences  indicate 
that  the  LPC  values  are  greater  than  the  K  *  E  values. 
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•All  forofcnt  frequency  values  are 
in  Berts  (Hz). 
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COGNITIVE  FACTORS  IN  COMPUTBR-AIDgD  FAULT  DIAGNOSIS 


by 

ICrystine  Batcbo  Yaworsky 
ABSTRACT 

This  report  addresses  issues  concerned  with  the  task  of 
troubleshooting  equipment  failures  in  a  context  of  increasingly  more 
complex  technology  and  sophisticated  computer  aids.  Based  upon  a 
review  of  the  literature  on  troubleshooting  and  human  information 
processing,  principles  art  suggested  as  guidelines  for  the  design  of 
computer  aids  for  fault  diagnosis.  Such  principles  follow  from  an 
analysis  of  the  needs  of  problem  solvers  for  means  of  coping  with 
short-term  memory  constraints,  for  the  activation  of  a  meaningful 
context  in  which  information  can  be  understood  and  retained,  and  for 
mechanisms  for  retrieving  information  and  distinguishing 
between  the  relevant  and  the  irrelevant.  In  order  to  translate 
principles  of  cognitive  functioning  into  design  characteristics, 
empirical  Investigation  is  needed  to  ensure  valid  generalizability 
from  the  traditional  setting  to  the  computer-aided  environment. 
Recommendations  as  to  the  types  of  questions  which  need  to  be 
explored  are  provided  along  with  examples  of  relevant  research  in 
the  literature.  The  primary  concern  underlying  all  the  recommenda¬ 
tions  is  that  the  usefulness  of  specific  design  features  should  be 
evaluated  empirically  in  experimental  designs  simulating  essential 
aspects  of  the  troubleshooting  task  before  considerable  investments 
in  time,  effort,  and  expense  are  committed  to  the  development  of 
sophisticated  computer  aids. 
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I.  IHTROPUCTIOH 


As  aircraft  systems  become  increasingly  more  complex,  the  need 
for  automated  aids  for  maintenance  on  those  systems  also  increases. 
However,  the  adoption  of  complex  automated  diagnostic  aids  will 
ultimately  result  in  the  existence  of  two  complex  technologies  -  the 
original  equipment  and  the  associated  diagnostic  system.  The 
technician  responsible  for  troubleshooting  and  repair  will  then  be 
required  to  interact  not  only  with  the  complex  equipment,  but  also 
with  the  system  designed  to  aid  diagnosis  and  repair.  The  role  of 
maintenance  personnel  will  then  be  multifaceted,  Including  tasks 
such  as  implementation  of  procedures  in  accordance  with  instructions 
from  a  computerized  assistance  system,  fault  diagnosis  with  computer 
assistance,  diagnosis  of  faults  not  found  by  the  system,  and 
sionltcring  the  automated  diagnostic  system  itself  for  possible 
failures.  Successful  performance  on  all  these  tasks  would  require 
an  understanding  of  both  the  equipment  and  the  diagnostic  system 
together  with  expertise  in  the  general  problem  solving  skills 
necessary  for  efficient  troubleshooting.  Given  the  scope  of 
knowledge  and  skills  relevant  to  this  situation,  it  is  reasonable  to 
expect  that  responsibility  for  various  aspects  of  the  overall 
problem  will  be  allocated  to  personnel  with  different  areas  of 
expertise.  For  example,  the  routine  maintenance  technician  might 
not  be  expected  to  remedy  less  frequently  encountered  faults  in  the 
computerized  diagnostic  system. 


Assuming  that  computerized  fault  isolation  will  become  tha  rule 
and  manual  fault  isolation  tha  exception,  tha  technician's  task 
will  ba  considerably  different  froa  what  it  has  been.  Bather  than 
using  troubleshooting  skills,  the  technician's  primary  task  will 
evolve  into  one  of  executing  procedures  according  to  instructions 
froa  the  coaputer  aid.  Optiaization  of  the  technician's  performance 
in  the  new  situation  requires  efforts  to  design  coaputer  aids  with 
attention  to  the  abilities  and  liaitations  of  the  user.  One 
difficulty,  however,  is  that  most  of  the  available  research  in  the 
area  of  human  performance  in  troubleshooting  was  designed  to  apply 
to  the  traditional  setting.  With  the  major  activities  of  the 
priswry  task  altered,  it  is  uncertain  how  much  of  the  present 
literature  can  be  generalized  to  the  future  context. 

However,  it  is  not  yet  clear  how  extensive  and  how  reliable 
autoaated  maintenance  can  becoae.  It  is  anticipated  that,  given  the 
current  state  of  technology,  there  will  remain  faults  that  are  not 
located  automatically  (Cunning,  1984;  Saillie,  1984).  The  extent 
and  reliability  of  autoaated  diagnostics  will  affect  the  roles 
played  by  technicians  and  experts.  Expectations  of  degrees  of 
automation  will  influence  the  design  of  coaputer  aids  as  well  as 
personnel  selection  and  training. 

Within  the  context  of  incomplete  and/or  imperfect  automation,  a 
variety  of  problems  might  be  anticipated,  for  example,  if  the 
automated  system  cannot  localize  a  fault,  the  troubleshooter 
will  be  faced  with  a  demanding  problem  solving  task.  Should 
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relevant  portions  of  ths  computerized  aids  becone  unavailable ,  the 
troubleshooter  would  need  to  rely  upon  his  own  expertise.  The  ideal 
■aintalner  in  such  circumstances  would  need  a  high  level  of 
sophisticated  knowledge  of  the  equipment  and  an  ability  to  interact 
with  the  computerized  system  to  access  data  bases  and  utilize 
whatever  diagnostic  assistance  is  available,  as  well  as  expert 
problem  solving  skills. 

Although  it  i3  not  possible  at  present  to  determine  with 
precision  the  likelihood  of  such  circumstances  occurring,  it 
is  essential  to  consider  the  consequences  of  such  events.  As  the 
degree  of  automation  of  problem  solving  and  decision  making 
increases  and  the  task  of  the  technician  becomes  increasingly 
procedural! zed.  concern  for  generating  and  maintaining  competence  at 
levels  appropriate  to  the  demands  of  infrequently  occurring  circum¬ 
stances  should  also  increase.  Expert  problem  solving  skills  are  a 
function  of  experience;  if  they  are  used  only  infrequently, 
maintaining  expertise  is  an  important  issue  (Anderson,  1980; 
Bainbridge,  1983;  Mayer,  1983). 

From  this  perspective,  it  c?n  be  argued  that  research  concerned 
with  the  cognitive  skills  involved  in  troubleshooting  is  at  least  as 
important  as  it  has  been  in  the  past  (Margulies  and  Zemanek,  1983). 
Since  the  simplest  faults  to  localize  will  be  covered  by  routine 
computerized  procedures,  the  faults  which  will  remain  for  the 
troubleshooter  will  be  the  most  difficult  ones.  Research 
concerned  with  developing  or  maximizing  such  skills  will  remain 
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critical  for  problems  not  raaolvad  by  routine  procedure*.  In 
addition,  if  th#  coaputar  aids  available  to  the  expert  are  to 
enhance  his  abilities,  they  nust  be  designed  with  attention  to  the 
strengths  and  weaknesses  of  human  cognitive  processes. 

Concern  has  been  expressed  (e.g.  Bainbridge,  1983)  that  the 
ultimate  degree  of  automatization  would  lead  to  a  logical  paradox 
such  that  automated  systesu  are  developed  to  replace  the  less 
reliable  human  with  a  more  reliable  system,  but  the  human  must 
ultimately  pass  judgment  on  the  system.  This  paradox  can  be 
resolved  with  a  clearer  understanding  of  the  distinction  between 
reliability  and  depth  of  understanding.  Reliability  refers  to  the 
consistency  with  which  a  skill  is  applied,  not  to  the  quality  or 
accuracy  of  the  skill.  Research  on  expertise  in  a  variety  of 
settings  (e.g.  Brehmer,  1981;  Goldberg,  1970)  has  suggested  that 
although  a  person  may  have  developed  a  highly  accurate  model  for 
problem  solving  or  decision  making,  he  may  not  adhere  to  it 
consistently.  By  contrast,  th*  computer  can  b*  expected  to  perform 
consistently,  although  the  accuracy  of  its  model  is  contingent  upon 
that  embodied  in  the  programming  done  by  men.  Therefore,  monitoring 
and  modifying  systems  intended  to  aid  the  human  depends  upon  the 
user's  depth  of  understanding  of  both  the  equipment  and  the  system 
designed  to  aid  in  troubleshooting  it.  Research  is  needed  to 
clarify  how  such  understanding  can  be  facilitated. 

One  aspect  of  this  issue  is  whether  the  computerized  aiding 
system  can  be  designed  so  that  interaction  with  it  facilitates  the 
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development  of  useful  mental  representations  of  the  equipment  and 
computerized  aiding  system.  This  question  follows  frca  a  prior 
concern  with  determining  if  such  representations  would  enhance 
troubleshooting  ability.  It  is  reasonable  to  suppose  that 
commonalities  would  exist  across  different  modes  of  interacting  with 
the  system.  The  design  and  implementation  of  these  different  modes 
together  with  decisions  as  to  allocation  of  personnel  time  and 
resources  to  them  is  not  a  trivial  consideration.  Por  example,  a 
completely  proceduralized  mode  would  be  optimal  for  the  reliably 
known  troubleshooting  tasks.  However,  competency  for  non-routine 
tasks  might  be  hindered  by  this  strategy.  This  suggests  the 
desirability  of  two  additional  modes  of  operation.  One  of  these 
modes  might  be  an  enriched  procedural  system  to  facilitate  the 
development  of  knowledge  about  the  system  while  executing 
computer-specified  instructions.  The  other  mode  might  be  useful 
solely  for  training.  Decisions  as  to  when  and  by  whom  these  modes 
should  be  used  must  be  guided  by  personnel  needs  within  the  context 
of  the  extent  and  dependability  of  automation.  If  the  technician 
will  need  to  perform  active  problem  solving  when  the  system  is 
ineffective  or  unavailable,  the  educative  features  of  computer 
aiding  must  be  given  greater  weight.  On  the  other  hand,  if 
experts  will  take  over  in  such  situations,  it  might  be  more 
efficient  for  the  technician  to  employ  proceduralized  diagnosis 
only.  In  this  latter  case,  an  important  concern  will  be  the 
development  of  the  experts  for  the  system. 
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II.  OBJECTIVES 


In  order  for  computer  Aids  to  achieve  the  goals  outlined  above, 
they  must  be  designed  with  consideration  of  humta  cognitive  abili¬ 
ties  relevant  to  troubleshooting.  One  objective  of  this  paper  is  to 
identify  basic  principles  of  cognitive  processing  which  are  likely 
to  be  applicable  to  prcbleau  encountered  in  the  computer-aided 
troubleshooting  environment.  The  following  characteristics  of  basic 
cognitive  processes  are  from  the  available  troubleshooting 
literature. 

This  literature  was  reviewed  with  an  effort  to  extrapolate  to 
the  automated  aids.  This  analysis  was  facilitated' by  abstracting 
principles  of  cognitive  functioning  from  the  psychological 
literature  on  problem  solving  and  from  the  growing  literature  on 
tnuaan-computer  interaction.  However,  any  generalizations  must  be 
empirically  validated.  The  second  goal  of  this  paper,  therefore,  is 
to  articulate  the  research  questions  to  be  addressed  if  computer 
aids  are  to  be  designed  for  optimal  human-computer  operation. 

HI •  COMPLEXITY  AND  THE  HEED  P08  STRUCTUEE 

An  obvious  characteristic  of  advanced  aircraft  systems  is  the 
presence  of  ever  increasing  degrees  of  complexity.  The  available 
literature  on  troubleshooting  abilities  in  the  traditional  situation 
is  the  product  of  studies  conducted  in  the  context  of  equipment 
developed  by  technology  through  the  1970's.  Such  equipment  was 
designed  by  engineers  who  possessed  normal  cognitive  limitations  on 
dealing  with  complexity.  As  pointed  out  by  Vohl  (1983),  electronics 
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technology  i»  moving  toward  computer  aided  design  (CAD),  which  could 
exceed  such  natural  limitations.  Although  the  implications  of  CAD 
for  fault  diagnosis  are  not  yet  known,  there  is  evidence  that  human 
diagnostic  performance  declines  disproportionately  at  high  levels  of 
complexity.  Wohl  (1982)  developed  a  model  of  the  human-machine 
interaction  process  in  diagnosing  electronic  equipment  malfunctions 
from  repair  time  data  from  various  types  of  electronics  equipment. 
Wohl ' s  model  (1983)  demonstrates  that  equipment  complexity  indexed 
by  the  degree  of  interconnectedness  among  components  (the  average 
number  of  items  directly  connected  to  any  one  item),  is  highly 
correlated  with  human  diagnostic  performance  in  electronic 
maintenance.  The  model  predicts  that  if  a  piece  of  equipment 
exceeds  an  average  interconnectivity  upper  limit  of  approximately 
seven  or  eight,  some  proportion  of  equipawnt  failures  will  be 
virtually  nondiagr.osable.  A  legitimate  concern,  therefore,  is 
whether  CAD  may  result  in  designs  which  exceed  human  capability  for 
dealing  with  complexity. 

The  upper  limit  on  average  interconnectivity  of  seven  or  eight 
suggests  that  the  constraint  on  performance  is  related  to  the 
limited  capacity  of  human  short-term  memory  (Miller,  1956).  The 
fact  that  a  person  can  deal  consciously  with  only  about  seven  items 
at  any  one  time  can  help  explain  many  of  the  characteristics  of 
human  problem  solving  behaviors.  Intuitively,  however,  it  is  clear 
that  people  manage  situations  containing  far  greater  amounts  of 
information.  The  apparent  discrepancy  is  resolved  by  considering 
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th«  definition  of  an  "item."  Bach  of  the  approximately  aavan  Items 
■ay  entail  a  great  deal  of  information,  jnat  at  seven  10-letter 
words  map  be  viewed  as  containing  70  pieces  of  information.  The 
critical  concern  in  understanding  human  capacity,  therefore,  is  with 
the  constitution  and  development  of  "chunks"  of  information  which 
can  be  processed  in  active  working  memory.  The  seven-words  example 
illustrates  that  chunks  can  be  acquired  through  experience  and  then 
be  recognized  as  single  units  (at  some  level)  in  a  process  of 
pattern  recognition.  In  this  report,  the  label  "pattern  recognition" 
refers  simply  to  problem  solving  by  direct  mapping  from  observations 
to  solution  based  on  prior  experience  (Souse,  1983).  The  reliance 
on  pattern  recognition  in  place  of  a  more  analytic  process  can  be 
viewed  as  a  means  of  coping  with  the  limited  capacity  of  short-term 
memory  which  would  otherwise  restrict  severely  the  ability  to  deal 
with  complexity. 

It  would  be  expected,  then,  that  the  limits  on  performance 
studied  by  Vohl  (1982,  1983)  reflect  processing  in  situations  where 
pattern  recognition  is  not  dominant.  As  explained  by  Wohl,  the 
characteristic  shape  of  his  cumulative  frequency  distributions  (CFD) 
of  active  repair  time  suggests  the  presence  of  two  different  causal 
processes.  One  process  accounts  for  the  successful  completion  of  65 
-  80  percent  of  all  repairs  within  tiro  hours.  The  high  slope  of  the 
relevant  portion  of  Wohl's  functions  implies  an  accelerating  process 
in  which  the  probability  of  locating  the  fault  Increases  with  time. 
Although  it  is  not  possible  to  determine  the  nature  of  the  process 
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accounting  for  this  performance ,  it  ia  clear  that  these  repairs  are 
instances  of  fairly  rapid  solution  methods,  which  suty  well  include 
pattern  recognition.  The  second  process  underlies  a  low  -  slope 
portion  of  the  plots,  reflecting  a  decelerating  process  in  which  the 
probability  of  fault  localization  decreases  as  time  increases.  It 
is  this  second  portion  of  the  graphs  to  which  Wohl's  model  applies. 
Presumably,  the  methods  used  in  these  repair  situations  involve  more 
analytic  approaches.  Using  Rasmussen's  (1981)  taxonomy  of  search 
strategies,  Wohl  suggests  that  the  early,  accelerating  portions  of 
the  CFO’s  reflect  the  operation  of  symptom  or  S-rules,  which  are 
system-determined  associations  which  map  symptoms  directly  onto 
system  structure.  When  S-rules  do  not  result  in  successful  fault 
isolation,  context-free  topographic  or  T-rules  are  used  to  guide  the 
search  through  networks  of  functional  relationships.  The  use  of 
T-rules  might  account  for  the  later,  decelerating  portions  of  the 
CFD's. 

The  preference  for  simple  methods  over  more  demanding  ones 
involving  greater  cognitive  effort,  referred  to  as  following  the 
path  of  least  resistance,  has  been  observed  elsewhere.  For  example, 
Rasmussen  and  Jenson  (1974)  have  studied  the  mental  procedures  used 
by  skilled  electronics  repairmen  in  their  working  environment 
through  analysis  of  verbal  protocols.  They  found  a  strong 
preference  for  general  search  routines  characterized  by  rapid, 
impulsive  decisions  based  upon  information  at  the  moment  with  little 
carryover  from  prior  observations.  Even  when  the  routine  search 


procedural  were  unsuccessful,  the  technician  did  not  consider  it 
worthwhile  to  study  end  drew  inferences  froa  the  internal 
functioning  of  the  circuitry.  The  preference  for  pattern 
recognition  is  so  robust  a  finding  that  Souse  (1983)  has 
incorporated  it  into  a  general  model  of  hustan  problem  solving. 
According  to  this  model,  the  central  mechanism  for  problem  solving 
attempts  to  solve  a  problem  first  by  recognising  a  pattern.  If  a 
pattern  is  not  recognized,  more  analytical  modes  of  reasoning  must 
be  used. 

The  literature  supports,  therefore,  the  notion  that  pattern 
recognition  is  one  mechanism  used  for  overcoming  the  limitation  on 
short-term  memory  which  restricts  man's  ability  to  deal  with 
complexity.  One  possible  approach  to  improving  performance  in 
situations  characterized  by  the  later  decelerating  portions  of 
Wohl's  (1982)  functions  would  be  to  consider  whether  patterns  could 
be  learned  in  order  to  deal  with  the  complexity.  This  approach 
raises  an  important  basic  issue:  how  are  patterns  acquired  and  can 
pattern  recognition  processes  be  facilitated?  Facilitation  might  be 
possible  in  two  ways:  the  recognition  of  already  acquired  patterns; 
and  the  initial  acquisition  of  pattern  knowledge. 

The  literature  on  differences  between  experts  and  novices 
suggests  that  experts  typically  possess  a  greater  number  of 
meaningful  chunks  or  patterns  of  related  units.  Although  many  such 
studies  have  been  conducted  in  the  area  of  game  playing  such  as  chess 
(Chase  and  Sisvon,  1973;  Simon  and  Gllmartin,  1973)  and  Goaraku 


(Eisenstadt  and  Karaev,  1975),  evidence  exists  to  suggest  that  such 
findings  are  characteristic  cf  performance  whenever  the  perception 
and  recall  of  meaningful  relationships  are  important.  For  example, 
Badre  (1982)  studied  chunking  in  the  processing  of  military  scenarios 
and  Egan  and  Schwarts  (1979)  obtained  expert-novice  differences  in 
the  chunking  of  electronic  circuit  diagrams  into  meaningful  sub¬ 
circuits.  Research  is  needed  to  determine  whether  rucb  expert- 
novice  differences  in  chunking  exist  also  in  the  area  of  trouble¬ 
shooting.  This  question  is  currently  under  investigation  by 
researchers  at  the  Learning  Research  and  Development  Center, 
University  of  Pittsburg  (Bond,  Eastman,  Gitomer,  Glaser,  and 
Lesgold,  1983),  who  are  studying  chunking  of  components  of  electronic 
circuit  diagrams.  It  may  be,  however,  that  the  patterns  used  by 
technicians  are  patterns  of  relationships  among  symptoms  and 
structural  units  rather  than  patterns  of  circuit  components. 
Identification  of  such  patterns  and  clarification  of  their  role  in 
determining  level  of  performance  are  issues  in  need  of  empirical 
research . 

Even  more  important,  perhaps,  is  the  need  cited  above  for 
research  designed  to  clarify  how  patterns  are  acquired.  Certainly 
one  plausible  hypothesis  is  that  rote  learning  occurs  as  a  function 
of  repeated  exposure.  That  this  mechanism  plays  a  role  in  pattern 
acquisition  is  quite  likely  given  the  simple  observation  that 
expertise  is  developed  only  with  years  of  experience  (Anderson, 

1980).  It  might  also  be  suggested,  however,  that  attention  to 


meaningful  relationship*  or  rule-governed  regularities  is  an 
important  proeass  underlying  pattern  acquisition.  For  example,  the 
fact  that  words  can  be  recognized  more  quickly  than  nonsense  strings 
can  be  described  as  an  illustration  of  pattern  recognition  acquired 
through  repeated  exposure.  On  the  other  hand,  the  observation  that 
pronounceable  nonwords  can  be  recognized  more  quickly  than  non- 
pronounceable  nonwords  (McClelland  and  Johnston,  1977)  suggests 
that  certain  rule-governed  regularities  may  facilitate  pattern 
recognition  of  relatively  less  familiar  material.  The  effectiveness 
of  rule-governed  relationships  obviously  depends  upon  knowledge  of 
the  regularities.  The  interaction  between  such  knowledge  and  features 
of  the  stimulus  was  illustrated  in  a  study  by  Bisenstadt  and  Kareev 
(1977)  in  which  reccnstruction  of  a  given  game  board  configuration 
was  shown  to  vary  with  the  subject's  assumption  that  the  configura¬ 
tion  was  from  one  of  two  different  games.  Evidently,  the  arrangement 
of  pieces  was  encoded  differently  depending  upon  the  rules  of  play 
which  were  considered  relevant  to  the  display.  From  this  perspec¬ 
tive,  it  is  reasonable  to  propose  that  efforts  to  facilitate  pattern 
recognition  should  include  methods  to  encourage  the  acquisition  of 
knowledge  of  the  structure  of  relationships. 

An  Important  concern  in  the  design  of  system*  Intended  to  aid 
troubleshooters  would  be  to  determine  whether  aspects  of  the  display 
might  affect  the  ability  to  recognize  relationships  critical  to 
pattern  identification.  As  expressed  by  Souse  and  Souse  (1979),  in 
addition  to  problem  solving  complexity,  which  is  related  to  various 
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Attributes  of  probleas,  there  exists  perceptual  complexity,  which  is 
related  to  aspects  of  the  display,  for  example,  in  the  game-playing 
context,  Bisenstadt  and  Karaev  (1977)  found  that  detection  of  an 
important  configuration  was  affected  by  features  of  the  display  in 
terms  of  the  Gestalt  principles  of  proximity  and  continuity.  In  the 
domain  of  troubleshooting,  Brooke  and  Duncan  (1983)  found  that 
reduction  in  perceptual  complexity  by  changing  the  direction  of 
signal  flow  in  the  format  of  displays  of  logic  unit  networks  reduced 
the  number  of  suboptimal  tests  made.  In  an  earlier  study  using  a 
similar  paradigm,  Brooke  and  Duncan  (1981)  had  found  an  effect  of 
the  format  of  the  connections  among  units  on  diagnostic  efficiency. 
This  minor  change  in  display  appeared  to  lose  its  effectiveness  as 
practice  increased.  As  pointed  out  by  the  authors,  their  paradigm 
allowed  for  a  shift  from  problea  solving  towards  pattern  recognition. 
It  seems  likely,  therefore,  that  display  format  can  influence  pattern 
recognition,  and  that  complexity  is  a  function  of  problea  structure, 
display  format,  and  degree  of  knowledge  possessed  by  the  problea 
solver.  However,  it  is  not  clear  what  relationship  exists  between 
pattern  recognition  and  problea  solving. 

Vhen  recourse  to  pattern  recognition  is  unsuccessful,  other 
methods  for  coping  with  the  limited  capacity  of  short-term  memory  are 
necessary  to  solve  a  complex  problea.  One  obvious  means  of  coping 
is  to  support  memory  with  external  aids  for  record  keeping-  It  is 
natural  that  the  computer  would  be  envisioned  as  a  means  for 
expanding  memory  storage.  At  a  very  simple  level,  a  computer  aid 
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can  aarva  this  function  by  operating  aa  a  dynamic  blackboard. 

Active  windowing,  for  example,  can  provide  a  apace  for  the  uaer  to 
make  notea  or  update  adjuatmenta  to  a  repreaentation  of  changea  in 
atate.  At  tbia  level,  however,  the  aid  ia  not  much  auperior  to 
paper  and  pencil.  At  a  somewhat  higher  level,  detailed  graphica 
which  can  be  marked  or  modified  by  the  uaer  would  conatitute  a 
diatinct  advantage  over  hard-copy.  One  would  expect  that 
porformance  would  be  facilitated  by  having  the  computer  narrow  down 
the  amount  of  information  with  which  the  uaer  must  cope.  For 
example.  Rouse  and  Hunt  (1984)  studied  troubleshooting  of  computer 
simulations  of  network  representations  of  aysteau.  Performance  was 
improved  by  a  sophisticated  bookkeeping  aid  that  used  the  structure 
of  the  network  and  known  outputs  to  eliminate  (by  crossing  off) 
components  that  could  not  be  the  fault.  The  aid  continued  to 
eliminate  components  as  a  result  of  tests  selected  by  the  user.  By 
helping  the  user  to  attend  to  only  those  components  which  still 
remained  in  the  feasible  set,  this  type  of  aid  effectively  reduced 
load  on  short-term  memory  and  resulted  in  an  improvement  in 
troubleshooting  performance.  The  observation  that  subjects  retained 
their  advantage  when  the  aid  was  removed  indicates  that  the  aid  also 
facilitated  the  acquisition  of  effective  problem  solving  skills.  The 
importance  of  attention  to  structure  in  problem  solving  was  further 
illustrated  in  Rouse  and  Hunt's  finding  that  reinforcement  which 
informed  the  user  of  the  degree  to  which  his  test  choice  was 
consistent  with  an  optimal  strategy  degraded  performance  and  yielded 
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negative  transfer  to  tha  unaided  situation.  By  contrast,  feedback 
which  explained  the  nature  of  user  errors  in  terms  of  the  structural 
implications  of  prior  tests  resulted  in  improved  performance  and 
benefitted  later  performance  with  aiding  removed. 

These  examples  illustrate  that  in  order  for  a  limited  capacity 
system  to  deal  effectively  with  complex  information  it  must  reduce 
the  amount  of  information  in  a  meaningful  way,  either  by  capitalizing 
upon  structure  inherent  in  the  situation  or  by  actively  Imposing  some 
structure  upon  the  situation.  For  optimal  improvement,  therefore, 
computer  aids  must  provide  more  than  a  simple  space  for  record 
keeping,  "he  user  needs  a  way  to  organize  information.  Organization 
enables  a  problem  solver  to  process  sure  information  simultaneously 
because  many  pieces  of  data  have  been  collapsed  into  large  chunks  of 
related  awterlal.  In  awny  situations,  the  solution  to  a  problem 
depends  upon  the  recognition  of  a  relationship  which  is  perceived 
when  critical  problem  components  are  processed  simultaneously  in 
working  memory.  Structure  also  guides  the  search  for  relevant 
information,  thereby  enabling  the  user  to  distinguish  between  useful 
and  irrelevant  information.  Material  which  is  organized  is  more 
eesily  comprehended  and  assimilated  into  longterm  memory. 

IV.  MENTAL  MODELS  AMD  EXPLANATION 

An  important  concern  in  designing  computer  aids  for  fault 
diagnosis  is  the  identification  of  ways  in  which  the  advantages  of 
organization  might  be  realized  by  the  troubleshooter.  Simply  making 
increasingly  greater  amounts  of  information  available  in  computerized 


151-18 


data  base*  will  not  solve  tho  problems  encountered  by  technicians 
dealing  with  increased  technological  complexity.  Increases  in 
unstructured  Information  would  create  an  additional  layer  of 
complexity  between  the  technician  and  the  equipment.  The  avail¬ 
ability  of  potentially  useful  information  is  not  productive  unless 
the  technician  is  able  to  make  effective  use  of  it.  One  perspective 
on  providing  structure  which  has  been  receiving  attention  recently 
is  the  consideration  of  how  a  person  understacds  a  system  in  terms 
of  a  mental  representation  or  model.  The  major  approaches  in  this 
area  are  presented  1q  a  bool  Ky  Centner  and  Stevens  (1983)  and  are 
summarized  in  a  report  by  Smith  and  Collins  (1983). 

Following  the  distinction  used  throughout  this  report  between 
pattern  recognition  and  other  problem  solving  modes,  the  literature 
on  mental  models  appears  to  be  most  relevant  to  situations  requiring 
the  use  of  the  s»re  inferential  techniques.  For  example,  in  de  Fleer 
and  Brown's  (1983)  s»del,  trouoleshootlng  can  be  viewed  as  the 
Inverse  of  the  envisioning  process,  because  envisioning  involves  the 
Inference  of  function  from  structure,  whereas  troubleshooting 
requires  the  determination  of  structure  from  function.  The  nw>del 
predicts  the  degree  of  similarity  between  the  perturbed  function  and 
the  normal  function  will  affect  the  difficulty  of  fault  diagnosis, 
assuming  that  the  troubleshooter  usee  his  understanding  of  the 
functioning  of  the  system  to  find  the  fault. 

The  notion  that  mental  models  may  be  helpful  in  problem:  solving 
has  beea  suggested  in  a  variety  of  contexts.  Larkin  (1983)  suggests 
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that  differences  is  problem  solving  performance  bo tween  novices  and 
experts  in  physics  are  related  to  their  use  of  different  problem 
representations.  Physics  students  who  were  taught  to  use  physical 
representations  of  circuits  using  diagrams,  analogies  and  visual¬ 
ization  solved  significantly  more  problems  than  did  students  without 
such  training.  Having  analyzed  protocols  of  attempts  to  understand 
and  explain  how  a  heat  exchanger  works,  Williams,  Hollan,  and 
Stevens  (1983)  propose  that  mental  models  assist  roasoning  by 
facilitating  prediction  of  the  behavior  of  a  system,  generation  of 
explanations,  and  recall.  Clarifying  the  nature  of  the  mechanism(s) 
by  which  swntal  models  eccomplish  such  benefits  is  important  in  order 
to  be  able  ultimately  to  predict  the  degree  of  usefulness  of  a 
particular  model  in  a  given  situation. 

Centner  (1983)  maintains  that  understanding  of  a  new  system 
develops  through  analogy  with  an  already  familiar  system.  According 
to  Centner,  analogy  involves  a  mapping  of  elements  from  the  familiar 
system  to  the  new  one.  Specific  properties  of  the  elements  are  not 
transferred,  but  the  relationships  among  the  elements  are  preserved. 
It  is  not  clear  how  the  process  of  differential  transfer  is 
determined  or  achieved.  Within  the  problem  domains  of  psychiatric 
diagnosis  and  dispute  resolution,  Kolodner  and  Simpson  (1984)  have 
proposed  an  organizational  scheme  of  memory  structures  in  an  attempt 
to  explain  how  relevant  past  experiences  are  retrieved  for 
application  to  a  new  problem  in  a  process  they  refer  to  as 
"similarity  -  triggered  analogical  reasoning."  According  to  their 


nodal,  knowledge  froa  experiences  is  organized  in  generalized 
episodes  in  which  individual  experiences  are  indexed  according  fco 
their  differences.  The  process  of  retrieving  cases  to  apply  to  a 
new  experience  entails  a  search  for  indices  associated  with  features 
which  differentiate  the  new  case  froa  others  in  the  same  generalized 
episode.  However,  before  the  process  of  analogical  reasoning  can  be 
fully  understood,  further  research  is  needed  to  explore  the  nature  of 
the  features  used  in  determining  the  choice  of  episode  or  system  to 
be  used  in  the  analogy. 

According  to  Kolodner  and  Simpson's  (1984)  observations,  the 
particular  example  selected  for  analogical  comparison  serves  to 
direct  and  focus  decision  making.  Successful  diagnosis  can  be 
viewed,  therefore,  as  somewhat  dependent  upon  the  choice  of  an 
appropriate  exemplar  for  comparison.  The  importance  of  the  specifics 
of  the  analogical  base  is  also  illustrated  by  the  findings  of  Centner 
and  Gentner  (1983),  who  demonstrated  that  the  nature  of  the 
particular  mental  model  taught  to  students  in  the  fora  of  different 
analogies  for  electricity  affected  performance  on  problems  which 
pertained  to  circuits  containing  either  two  batteries  or  two 
resistors  connected  in  series  or  in  parallel.  Their  results 
illustrate  that  different  models  may  have  different  types  of 
advantages  for  understanding  various  aspects  of  a  system. 

This  idea  that  a  single  model  or  analogy  aay  be  inadequate  for 
complete  understanding  of  a  new  systea  was  also  evident  in  the 
protocols  studied  by  Williams  et  al.  (1983).  Williams  et  al.  point 
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out  that  subjects  used  aore  than  one  model  in  answering  questions 
about  how  a  heat  exchanger  works.  The  emphasize  the  importance  of 
the  ability  to  integrate  incomplete  models  to  achieve  successful 
reasoning.  There  is  a  need  for  research  to  explore  how  such  a 
process  of  integration  takes  place  and  how  it  relates  to  under¬ 
standing  a  new  system. 

Although  evidence  '•-ists  to  support  the  notion  that  employing  a 
mental  model  is  beneficial  in  learning  about  an  unfamiliar  device  or 
system,  the  usefulness  of  a  model  can  be  expected  tc-  vary  with 
several  factors.  As  illustrated  by  the  Gertner  and  Gentner  (1983) 
findings  cited  above,  specific  features  of  a  model  transfer  in 
different  ways  to  learning  different  aspects  of  a  new  system.  An 
even  more  basic  concern,  however,  is  the  consideration  of  how  the 
role  of  a  model  might  change  depending  upon  the  nature  of  the  task 
demands  in  a  given  situation.  As  pointed  out  by  Kieras  and  Bovair 
(1983),  an  understanding  of  how  a  system  works  does  not  seem  to  be 
always  necessary  (e.g.,  as  in  our  effective  use  of  the  telephone 
system  despite  an  absence  of  an  accurate  model).  They  suggest  that 
a  mental  model  may  be  unnecessary  if  the  device  is  very  simple  or  if 
the  procedures  for  using  it  are  well  known.  Therefore,  the  knowledge 
of  how  a  system  is  structured  and  how  it  functions  would  be  most 
useful  in  situations  requiring  skills  beyond  the  type  of  procedural 
knowledge  acquired  by  rote  (e.g.,  learning  to  operate  a  new  device, 
troubleshooting).  Using  a  device  designed  specifically  for  their 
research,  Kieras  and  Bovair  found  that  providing  subjects  with  a 


mental  model  facilitated  their  learning  to  operate  the  device  by 
accelerating  rate  of  acquisition  of  procedures  and  decreasing  errors. 
Their  findings  from  a  second  experiment  supported  their  hypothesis 
that  the  model  improved  performance  by  enhancing  the  subjects' 
ability  to  infer  the  procedures.  Kieras  and  Bovair  concluded  that 
it  is  not  the  conceptual  depth  of  understanding,  but  the  degree  of 
relevance  of  the  model  to  the  actual  task  demands  that  determines 
the  usefulness  of  the  model. 

Prom  this  perspective,  an  understanding  of  the  task  demands  of 
troubleshooting  with  computer  aids  is  essential  in  determining  the 
appropriate  level  and  type  of  information  which  should  be  provided  . 
Assuming  that  the  technician  will  engage  in  active  troubleshooting 
in  some  situations  would  suggest  that  computer  aids  should  be 
designed  to  encourage  the  development  of  mental  models  which  will  be 
useful  when  inferential  skills  become  necessary.  However,  if  the 
acquisition  of  useful  models  is  a  time  consuming,  effortful  process 
and  if  the  time  spent  in  inferential  activity  is  minimal,  the  cost- 
benefit  tradeoff  may  argue  against  attempts  at  model  formation.  On 
the  other  hand,  the  findings  of  Kieras  and  Bovair  (1983)  suggest  that 
models  may  even  benefit  the  acquisition  of  procedural  knowledge. 
Clearly,  further  research  is  needed  to  determine  the  relevance  of 
mental  models  to  troubleshooting,  especially  within  the  context  of 
computer  aided  diagnosis. 

One  conception  of  the  "routine"  mode  of  computer  assistance 
would  anticipate  that  the  technician  would  follow  procedural  instruc¬ 
tions  generated  by  the  computer.  It  might  be  argued  that  in  this 

151-23 


ttNpNp 

r. 

r’>: 


W-  »■ 


>\v‘ 


node  of  operation,  mechanisms  designed  to  promote  model  formation 
would  be  superfluous  and  possibly  costly  in  terms  of  distracting  and 
time-consuming  cognitive  activities.  However,  data  from  experiments 
by  Smith  and  Goodman  (1982)  suggested  that  supplementing  procedural 
instructions  with  explanatory  material  benefitted  certain  aspects  of 
performance  in  a  task  requiring  assembly  of  an  electrical  circuit  of 
the  type  found  in  a  flashlight.  In  particular,  explanatory  material 
facilitated  understanding  of  instructions  as  evidenced  by  faster 
reading  times,  fewer  errors  in  execution,  and  enhanced  recall.  The 
explanatory  statements  were  of  two  types,  both  of  which  provided 
higher-level  information  in  an  hierarchical  arrangement  in  which 
instructions  functioned  as  instantiations  of  higher  level  concepts. 
One  type  of  explanation  incorporated  structural  information 
concerning  the  components  of  the  circuit  and  their  inter¬ 
connections.  The  other  type  of  explanation  provided  functional 
information  by  emphasizing  the  dynamics  of  current  flow. 

One  aspect  of  Smith  and  Goodman's  results  which  is  particularly 
relevant  to  the  troubleshooting  task  is  their  findings  which  suggest 
that  functional  explanations  enhanced  the  ability  to  reason  about 
the  circuit  and  to  troubleshoot  faulty  versions  of  the  circuit.  The 
fact  that  the  evidence  was  marginal  leaves  this  issue  unresolved. 

If  such  a  finding  could  be  supported  in  further  research,  it  would 
imply  that  the  type  of  supplementation  used  by  Smith  and  Goodman 
might  serve  different  types  of  useful  functions  in  various  phases  or 
modes  of  computer-aided  troubleshooting.  Identification  of  such 
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function*  and  their  associated  context*  would  require  empirical 
•tudie*  in  which  both  the  type  of  explanatory  material  end  the 
nature  of  the  teak  demands  ere  varied. 

Although  the  precise  mechanisms  by  which  mental  models  and 
analogy  function  to  facilitate  understanding,  memory,  and  reasoning 
have  not  yet  been  clearly  identified,  the  advantages  of  models  and 
analogies  as  heuristics  can  be  understood  within  the  more  general 
psychological  framework  of  context  effects.  The  process  of 
comprehension  requires  that  a  new  object,  event;,  or  utterance  be 
interpreted  within  an  existing  knowledge  base.  Meaning  comes  from 
an  integration  of  new  material  with  relevant  information  acquired 
through  experience  (Haviland  and  Clark,  1974).  Studies  of 
linguistic  comprehension  have  shown  that  understanding  can  be 
facilitated  by  the  provision  of  a  prior  context  in  ways  as  simple  as 
presenting  a  drawing  containing  relevant  relations  among  elements  or 
by  heading  a  passage  with  an  appropriate  title  (Bransford  and 
Johnson,  1972,  1973). 

The  important  point  illustrated  by  such  studies  is  that  compre¬ 
hension  depends  upon  the  availability  of  a  meaningful  context  in 
which  new  information  can  be  interpreted.  This  interpretive  aspect 
of  comprehension  has  been  shown  to  involve  active  cognitive  processes 
such  as  the  use  of  knowledge  about  relations  to  make  inferences  and 
to  generate  hypotheses  (Bransford  and  McCarrell,  1977).  Viewing 
comprehension  as  such  an  active  process  and  as  contingent  upon  prior 
knowledge  enables  one  to  understand  the  variability  in  performance 
in  tasks  as  related  to  differences  in  prior  context.  The  type  of 
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information  a  person  brings  to  the  task  will  influence  his  ability 
to  understand  what  would  objectively  be  seen  as  simple  instructions. 
Because  memory  is  strongly  related  to  level  of  comprehension,  poorly 
understood  material  tends  not  to  be  remembered.  Consequently, 
initial  difficulties  in  comprehension  tend  to  perpetuate  themselves 
as  it  is  difficult  to  build  the  necessary  knowledge  base  if  each 
experience  is  not  well  remembered.  The  design  of  computer-based 
instructions  and  explanations,  therefore,  should  include  consider¬ 
ation  of  such  context  effects.  Instructions  will  be  understood  more 
readily  if  an  appropriate  referent  or  concept  has  been  preactivated. 
This  preactivation  can  be  achieved  by  careful  wording  and  sequencing 
of  statements.  As  described  above,  the  use  of  explanatory  statements 
to  activate  a  concept  in  a  hierarchial  framework  is  an  example  of  how 
such  preactivation  can  benefit  performance  (Smith  and  Goodman,  1982). 

However,  it  car.  readily  be  seen  that  the  usefulness  of  such 
devices  would  fluctuate  as  the  needs  of  the  user  change  with 
experience.  Ideally,  computer  aids  should  be  designed  with  the 
capability  to  adapt  to  the  user  (Rouse,  1981;  Smillie,  1984;  Villiges 
and  Villiges,  1983)  and  should  be  conceptualized  as  dynamic  rather 
than  as  static  entitles.  The  application  of  artificial  Intelligence 
to  such  problems  of  adaptability  has  been  primarily  in  the  context  of 
intelligent  computer  assisted  instruction  systems  which  develop  user 
models  to  enable  the  aid  to  respond  to  differences  in  knowledge  and 
understanding  by  the  user  (Smith  and  Collins,  1983).  For  example, 
within  the  domain  of  medical  diagnosis,  the  expert  system  MYCIN  was 
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developed  to  give  advice  in  the  diagnosia  of  infectious  diseases. 
GUIDON,  an  intelligent  coaputer-aided  instructional  prograa,  is  being 
developed  to  teach  diagnostic  problem-solving  using  the  rules  of 
HYCIN  as  the  material  to  be  learned  (Clancej,  1984a,  1984b).  An 
important  facet  of  GUIDON  is  its  use  of  student  modelling  to  direct 
flexible  dialogue  interaction  in  a  mixed-initiative  prograa. 
Iapleaentation  of  GUIDON  has  yielded  observations  of  value  to  the 
design  of  computer  aids  which  will  require  human  interaction.  For 
example,  students  found  the  MYCIN  rules  to  be  difficult  to 
understand,  remember,  and  use  in  developing  a  problem-solving 
approach.  These  difficulties  have  been  related  to  the  fict  that 
valuable  information  concerning  the  hierarchial  structure  of  data 
and  hypotheses  and  the  top-down  nature  of  searching  the  problem 
space  was  implicit  in  the  rules,  but  not  expllcity  available  to  the 
user.  Clancey  points  out  the  importance  of  having  the  user  learn 
strategies  rather  than  learning  problem-solving  steps  by  rote.  In 
an  effort  to  make  such  structural  and  strategic  knowledge  explicit, 
MYCIN' s  rules  are  being  reconfigured  in  N80MYCIN.  An  important 
feature  of  NEOMYCIN  is  the  addition  of  the  capacity  for  justification 
of  rules.  Clancey  argues  that  justifications  promote  understanding 
which  allow  the  problem  solver  to  go  beyond  rote  rules  in  unusual 
situations . 

The  ability  to  go  beyond  the  aid  in  unusual  situations  is  an 
Important  practical  concern  given  the  current  state  of  automated 
diagnostics.  Automatic  test  equipment  does  not  isolate  all  failures 


and  cannot  isolate  certain  types  of  problems.  Fault  isolation  is 
often  ambiguous,  resulting  in  a  list  of  possible  fault  locations 
(Coppola,  1984).  Developing  the  competency  to  deal  with  trouble¬ 
shooting  situations  not  covered  automatically  can  be  approached  in  a 
variety  of  ways.  One  vehicle  would  be  the  development  of  intelligent 
computer-aided  instructional  programs  such  as  GUIDON  for  trouble¬ 
shooting.  For  example,  an  expert  system  based  on  the  Feed-Device- 
Ground  inferencing  strategy  is  being  developed  to  train  students  in 
automotive  electrical  troubleshooting  (r'eurzeig,  Frederiksen,  White, 
and  Horwitz,  1984). 

Another  approach,  which  can  be  complementary  to  the  first,  is  to 
design  the  computer-aided  diagnostic  system  in  such  a  way  that  its 
use  entails  an  educative  dimension  or  mode.  An  illustration  of  such 
an  effort  is  the  Intelligent  Maintenance  Aid  (IMA),  which  is 
currently  in  operation  as  a  prototype  dealing  with  diagnosis  of 
faults  in  the  microwave  stimulus  interface  of  the  F-16  Avionics 
Intermediate  Shop  (Hinchman  and  Morgan,  1984).  In  addition  to  its 
diagnostic  function,  IMA  serves  an  educative  function  by  providing 
explanations  of  lines  of  reasoning  and  for  recommended  actions. 

The  possibility  of  designing  computer  aids  for  troubleshooting 
which  will  concurrently  promote  the  growth  of  knowledge  about  the 
system  as  well  as  develop  good  problem  solving  skills  raises  many 
questions  and  issues  for  empirical  investigation.  How  great  a  role 
should  the  educative  dimension  play  in  the  computer-assisted 
environment?  Should  i’c  operate  in  a  separate  mode  or  be  Integrated 


into  the  normal  working  systeaf  Should  its  adaptability  to  tho 
changing  needs  of  tho  tochoieisa  bo  computer  or  usor  initistedr 
What  rolo  aigbt  aontal  Models  and/or  analogy  play  in  troubleshooting 
perforaancef 


Tho  preceding  discussion  argues  that  structure  is  beneficial 
both  in  acquiring  new  inf  onset  ion  and  in  applying  inforaation  during 
problea  solving.  Identification  of  structure  involves  the  ability 
to  attend  selectively  to  those  eleswnts  which  are  related  in  a 
Meaningful  way.  In  order  to  integrate  the  appropriate  elements , 
those  elements  aust  be  present  in  active  Memory  at  the  saae  time 


(Ohlsson,  1984).  Since  short-term  smaory  is  liaited  ia  both  capacity 
and  duration,  the  display  format  and  the  order  of  presentation  of 
information  can  affect  problea  solving  performance.  The  need  co  have 
the  right  inforaation  in  active  siesMry  at  the  right  time  suggests 
that  the  computer  can  play  an  important  role  in  facilitating  problem 
solving,  but  if  used  incorrectly  can  also  interfere  with  performance. 
For  example,  the  computer's  tendency  to  be  used  for  sequential 
display  of  inforaation  can  potentially  conflict  with  the  problea 
solver's  need  for  information  displayed  simultaneously.  This 
sequential/simultaneous  distinction  is  important  because  it  is 
related  to  the  differences  between  sequential  and  parallel  processes 
in  the  human  cognitive  systea.  The  extent  to  which  each  of  these  two 
types  of  processing  is  involved  in  troubleshooting  has  not  been 
directly  addressed  by  empirical  investigation.  It  might  be  imagined 
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that  the  importance  of  structural  knowledge  implies  •  special  aspect 
to  the  task  which  would  be  boat  daalt  with  by  parallel  processing. 

Tha  aaaociational  aapacta  of  ralating  symptoms  to  atructuras  sight 
imply  a  pattern  recognition  mode  which  entaila  configural  procaaaing. 
However,  tha  uaa  of  functional  information  and  aerial  taating 
procaduraa  would  auggeat  more  sequential  and  analytic  typaa  of 
procaaaaa.  Relevant  to  thia  procaaaing  diatincticn,  two  atagaa  of 
reaearch  would  ba  desirable.  First,  reaaarch  ia  naadad  to  dalineata 
tha  roles  played  by  each  processing  mode  in  troubleshooting. 

Secondly,  research  could  then  be  directed  at  determining  how  tha 
nature  of  display  format  and  order  of  presentation  of  information 
interact  with  each  type  of  process. 

On  tha  basis  of  general  principles  of  cognitive  functioning, 
guidelines  can  ba  suggested  concerning  tha  typaa  of  Information 
which  should  be  displayed  simultaneously. 

(1)  When  one  type  of  information  la  needed  to  operate  upon 
another.  Por  example,  whan  help  ia  needed  to  facilltt  election 
from  displayed  material  or  to  edit  text,  etc.,  the  help  information 
should  not  erase  tha  material  to  ba  used  or  manipulated. 

(2)  When  two  typaa  of  data  or  material  are  to  ba  compared. 

(3)  When  a  pattern  or  a  relationship  among  variables  neada  to 
be  identified. 

An  obvious  limitation  to  the  idea  of  simultaneous  presentation 
is  tha  size  of  tha  screen.  Given  this  constraint,  attention  should 
ba  paid  to  providing  easy  ways  to  shift  back  and  forth  between 
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sources  of  information,  data  bases,  alternate  views,  etc.  Given  the 


short  duration  of  active  memory,  it  4*  also  important  to  consider  the 
user's  problem  of  remembering  where  he  is  in  the  computer  aid  system. 
Efficient  movement  within  the  computer  system  may  depend  upon  what 
Young  (1983)  refers  to  as  a  mental  model  of  an  interactive  device. 
According  to  Young,  the  user's  model  of  an  interactive  device  entails 
a  mapping  of  correspondences  between  task  structures  and  action 
sequences.  There  is  a  need  for  research  to  explore  how  acquiring 
such  a  model  can  be  facilitated.  On  the  basis  of  the  literature  on 
context  effects  reviewed  above,  one  might  predict  that  simple  aids 
such  as  s  diagram  of  the  system  components  and  their  interrelation¬ 
ships  might  prove  beneficial. 

Accessing  the  appropriate  Information  can  be  difficult  also  if 
the  means  for  requesting  Information  presumes  more  knowledge  on  the 
part  of  the  user  than  he  has  available.  This  difficulty  can  arise 
when  menus  are  used,  for  example,  and  the  user  is  uncertain  as  to  the 
structure  represented  by  the  menu.  An  example  of  one  approach  to 
alleviating  such  a  difficulty  is  the  implsMntatlon  of  a  browser  to 
allow  the  user  to  examine  a  complex  system  without  prior  knowledge 
of  its  exact  structure  (Fischer,  1983).  Such  an  interfaeu  depends 
upon  multiple  windows  for  the  selection  and  expansion  of  components 
to  be  scanned. 

VI.  WQTIVATI0NA1,  VARIABLES 

Although  consideration  of  ways  to  make  computer  aids  compatible 
with  human  cognitive  strengths  and  limitations  is  essential,  another 
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important  concern  ha*  largely  been  ignored.  Very  little  attention 
ha*  been  given  to  design  characteristics  which  will  impact  on 
motivational  variables.  For  example,  it  might  be  argued  that  success 
in  the  design  of  effective  educative  features  in  a  computer  aid  will 
be  irrelevant  if  there  is  no  incentive  for  the  technician  to  use  or 
to  attend  to  such  features.  Because  performance  tends  to  follow  a 
path  of  least  resistance,  it  could  bo  that  material  perceived  as 
superfluous  would  is  ignored.  If  the  educative  function  is  to  be 
realized  in  practice,  research  must  explore  means  for  providing  an 
effective  incentive  structure  for  its  use.  The  problem  of  trying  to 
achieve  a  particular  kind  of  use  by  the  technician  is  also  manifest 
in  design  issues  concerned  with  compatibility.  If  tha  system  is  toe 
difficult  to  use,  the  user  may  become  frustrated  and  atrassed 
(Chapanis,  1982).  Under  stress,  problem  solving  performance 
decrements  as  cognitive  narrowing  and  staraotypad  thought  increase 
(Baintridga,  1983}  Handler,  1979).  However,  if  the  computer  aid 
overslnpllf ies  the  task  of  the  technician,  little  mental  effort  will 
be  engaged  and  consequently  little  learning  will  occur. 

On  a  more  general  level,  motivational  affects  of  computer 
assistance  can  be  ancitipated  depending  upon  the  user’s  attitude 
toward  the  device.  Currently,  novice  users  often  feel  ambivalent 
toward  tha  computer.  While  on  one  level,  the  computer  can  create  an 
illusion  of  power  and  control,  on  another  it  can  Invoke  fear,  resent¬ 
ment,  and  a  feeling  of  loss  of  control  (Sheridan,  Vamcs,  and  Aida, 
1983).  These  attitudes  are  important  because  ultimately  they  can 
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Affect  performance  (Margulies  end  Zeemnek,  1983).  For  example,  a 
feel i of  of  loss  of  control  can  lend  to  passivity  end  learned  help- 
lesenees.  a  decreased  ability  to  adapt  to  new  situations  and  to 
acquire  new  knowledge  (Seligman,  1975).  The  investment  of  too  greet 
a  trust  In  the  computer  can  also  lead  to  a  loss  of  the  sense  of 
personal  accountability.  To  avoid  a  "diffusion  of  responsibility," 
it  is  iaqwrtsnt  that  the  allocation  of  responsibility  and  control  is 
made  explicit.  By  virtue  of  its  position  between  the  nan  and  the 
equipawnt  he  is  to  repair,  the  computer  can  also  contribute  to  a 
sense  of  alienation  due  to  increased  psychological  distance  from  the 
problem  to  be  solved.  It  is  possible  that  the  problem  of  distanco 
can  be  alleviated  with  the  use  of  mental  models,  dynamic  representa¬ 
tions  of  the  system,  and  informative  feedback.  Mental  models  night 
also  be  found  useful  in  minimizing  negative  affective  reactions. 

For  example,  Kieras  and  Bovair  (1983)  observed  that  subjects  who  did 
not  have  a  mental  model  of  a  device  were  more  likely  to  experience 
confusion  and  frustration.  They  made  more  statements  describing  the 
device  as  unreliable  and  arbitrary,  and  they  engaged  in  amre 
inefficient,  trlal-and-error  strategies.  It  cm  be  argued, 
therefore,  that  a  person's  model  of  a  device  can  effect,  to  some 
extent,  tbs  way  in  which  he  interacts  with  the  device. 


VII. 
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It  is  sot  possible  to  predict  precisely  how  the  nature  of  the 
task  demands  on  the  technician  will  change  with  Increases  in 
computer-assisted  diagnostics.  However,  the  available  evidence 
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suggests  that  the  decision  to  design  aids  which  would  ultimately 
transform  the  technician's  task  into  a  purely  procedural! zed  one 
would  entail  the  risk  of  losing  competency  not  only  necessary  In 
situations  requiring  manual  troubleshooting,  but  also  desirable  to 
facilitate  performance  in  the  procedural! zed  mode.  A  major 
recommendation  which  follows  from  this  paper  is  that  an  effort 
should  be  made  to  explore  ways  in  which  computer  aids  can  be 
designed  not  only  to  maximize  performance  in  the  procedural! zed 
mode,  but  also  to  enhance  understanding  and  skills  important  in 
active  troubleshooting.  Research  questions  which  must  be  addressed 
in  pursuit  of  such  a  goal  have  been  delineated  and  justified  through¬ 
out  this  paper.  For  convenience,  the  major  issues  recosmended  for 
empirical  Investigation  are  summarized  in  the  list  below,  followed 
by  a  brief  commentary  on  each. 

1.  The  development  of  computer  aids  entails  substantial 
investments  in  time  and  expense.  Before  such  investments  are  made, 
the  usefulness  of  design  features  in  maximizing  performance  should 
be  evaluated  empirically  in  experimental  designs  which  capture  the 
essential  elements  of  the  task. 

Recommendations  two  through  eight  represent  ways  of  approaching 
this  goal.  Lines  of  research  should  be  guided  by  the  distinction 
between  task  demands  in  proceduralized  and  active  troubleshooting. 

An  important  issue  is  whether  the  principles  for  design  differ 
substantially  for  the  two  types  of  situations. 


k 
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2.  What  level  of  understanding  is  needed  by  the  technician  in 
the  computer-aided  troubleshooting  task? 

Approaches  to  this  question  should  include  effort  to  determine 
whether  the  addition  of  explanatory  material  and  statements  of 
justification  affect  performance  in  the  procedural i zed  mode  and 
whether  they  facilitate  performance  in  unusual  circumstances. 

3.  Should  an  educative  function  be  incorporated  into  the 
troubleshooting  aid,  and  if  so,  how  can  this  best  be  accompli shedf 
Closely  related  to  the  second  recommendation,  this  issue 
expresses  a  concern  for  the  cost-benefit  tradeoff  between  potentially 
decreased  efficiency  and  enhanced  learning  involved  in  supplementing 
an  aid  with  an  educative  function.  Misapplication  of  educative 
features  could  result  in  wasted  effort  or  even  decrements  in 
performance  due  to  distraction  and  mental  overload. 

4.  What  roles  might  mental  models  and  the  use  of  analogical 
reasoning  play  in  troubleshooting? 

Given  the  recency  of  Interest  in  mental  models,  empirical 
investigations  of  this  research  area  will  need  to  cope  with  many 
unknowns.  Among  others,  the  following  areas  need  to  be  explored: 

(a)  the  mechanisms  by  which  mental  models  and  analogies  influence 
problem  solving  and  memory,  (b>  the  process  by  which  exemplars  are 
selected  for  comparison  in  analogical  reasoning,  (c)  differential 
advantages  of  different  models  and  analogies,  and  (d)  the  integration 
of  multiple  models  to  achieve  successful  reasoning. 
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5.  What  la  the  relationship  between  pattern  recognition  and 
inferential  problem  solving  processes? 

Answers  to  this  question  will  be  important  in  an  environment  in 
which  faults  not  covered  by  automation  will  leave  the  troubleshooter 
with  complex  problems  requiring  sophisticated  inferential  skills. 
Evidence  suggests  that  technicians  usually  engage  in  pattern 
recognition.  How  this  tendency  will  affect  performance  as  the 
growth  in  complexity  escalates  is  an  Important  concern. 

6.  To  what  extent  does  troubleshooting  involve  sequential  and 
parallel  processing?  What  is  the  relationship  between  processing 
mode  and  design  features  such  as  display  format? 

These  concerns  are  related  to  modality  differences,  processing 
modes,  and  short-term  memory  constraints.  Certain  task  demands  may 
be  handled  most  effectively  by  certain  processing  modes  and  different 
modes  may  be  differentially  affected  by  various  aids  to  memory  and 
organization.  For  example,  visual/spatial  display  is  important  to 
parallel  processing,  whereas  temporal  factors  may  affect  sequential 
processing.  Preserving  a  concern  with  compatibility  between  modality 
of  input/output  devices  and  processing  demands  of  the  task  (Fischer, 
1983)  will  be  Important  when  other  practical  concerns  in  terms  of 
physical  constraints  (Poison,  1984)  are  being  considered  (e.g.  the 
need  for  auditory  format  when  a  technician  is  occupied  visually  and 
manually  with  the  equipment).  Better  understanding  is  needed  of  the 
differential  advantages  of  information  processing  modes.  One  might 
ask  if  the  preference  for  visual  over  auditory  display  in  certain 
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situation!  (Moray,  1981)  reflects  a  general  bias  or  if  it  depends 
upon  task  demands.  For  example,  some  evidence  suggests  that  in  tasks 
requiring  comparison  judgments,  people  have  greater  confidence  in 
visual  processing,  but  perceive  acoustic  processing  to  be  less  time 
consuming  (Yaworsky,  1983).  In  such  tasks,  visual  processing  is 
preferred  to  a  greater  extent  when  accuracy  is  emphasized  than  when 
speed  is  stressed. 

7.  Design  of  computer  aids  should  include  consideration  of  the 
following: 


(a)  provision  of  prior  context  to  facilitate  comprehension, 
memory,  and  reasoning. 

(b)  assistance  in  coping  with  the  limitations  of  short-term 


memory. 


(c)  capacity  to  display  appropriate  types  of  information 


simultaneously. 


(d)  mechanisms  for  examining  contents  of  the  system  without 
prior  detailed  knowledge. 

(e)  ways  for  the  user  to  develop  an  accurate  mental  model  of 
the  computer  as  an  interactive  device. 

(f)  adaptability  to  the  changing  needs  of  the  user. 

These  design  considerations  ar.  based  upon  current  research 

findings  in  the  cognitive  psychology  literature.  The  justification 
for  each  suggestion  is  provided  at  appropriate  places  in  the  text. 
The  goal  of  such  concerns  is  to  make  optimal  use  of  human  strengths 
and  to  maximize  performance  within  the  constraints  of  human 


limitations. 
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8.  What  ia  the  impact  of  design  characteristics  on  motivational 


variables  which  affect  performance. 

Recommendation  of  this  research  area  is  based  upon  findings  which 
suggest  that  affective  and  motivational  reactions  affect  performance. 
Research  is  needed  to  study  such  effects  in  the  context  of  trouble¬ 
shooting  tasks.  In  particular,  attention  needs  to  be  devoted  to: 

(a)  incentives  for  the  use  of  educative  features,  (b)  retention  of  a 
sense  of  control  and  accountability  by  the  technician,  and  (c) 
coping  with  increased  psychological  distance  between  the  technician 
and  the  equipment. 

VIII.  CONCLUSION 

As  the  increased  complexity  of  sophisticated  aircraft  systems 
necessitates  growth  in  computer  systems  to  aid  in  troubleshooting, 
it  is  Imperative  that  attention  be  devoted  to  design  characteristics 
of  the  aids.  Although  it  is  not  clear  precisely  how  the  task 
demands  will  be  altered  by  the  expansion  of  computerized  aids, 
principles  of  cognitive  functioning  can  guide  the  research  necessary 
to  develop  aids  which  will  be  compatible  with  human  abilities. 

Before  substantial  investments  in  time  and  expense  be  committed  to 
the  development  of  computer  aids,  the  usefulness  of  specific 
features  should  be  tested  empirically  in  experimental  designs 
simulating  the  critical  elements  of  the  task. 
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CHARACTERIZATION  OF  CERAMIC-CERAMIC  COMPOSITES 
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ABSTRACT 


Nicalon  SIC  fiber  reinforced  magnesium  aluminum  silicate  composites, 
which  were  fabricated  from  alkoxide  derived  hydroxide  slurry  and  with 
different  process  parameters  were  analyzed  with  SEM,  STEM,  LDX  and  Electron 
Microprobe.  It  was  found  from  these  analyses  that  excessive  residual 
carbon  left  in  the  matrix  due  to  an  incomplete  binder  burnout  reacts  with 
A^O^  in  the  matrix.  These  reactions  generate  volatile  species  of  A10  and/ 
or  Al^O  and  leave  the  matrix  with  a  porous  structure  at  12S0°C.  It  was 
also  found  that  the  residual  carbon  in  the  matrix  reacts  with  niobium  ions 
to  form  NbC  precipitates  for  all  the  samples.  The  presence  of  NbC  crystals 
along  the  fiber/matrix  interface  as  a  result  of  reaction  between  SIC  fiber 
and  niobium  ions  in  the  matrix  apparently  improves  the  flexural  strengths 
of  the  composites.  A  prolonged  organics  burnout  cycle  provided  a  pore  free 
sample  at  1250#C  and  its  flexural  strength  of  95  ksi  is  the  highest  among 
all  the  samples  prepared  so  far. 
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I.  INTRODUCTION: 


The  current  use  of  Ni-  and  Co-  containing  superalloys  to  fabricate 
high  temperature  components  of  gas  turbine  engine  has  imposed  significant 
limitations  due  to  high  material  and  fabrication  costs,  limited  availabil¬ 
ities  of  strategic  metals,  high  materials  density  and  the  need  of  using 
cooling  air.  The  development  of  a  substitution  material  has  therefore 
attracted  most  of  the  attentions  in  the  past  decade.  The  high  performance 
structural  ceramics  such  as  silicon  carbide,  silicon  nitride,  transforma¬ 
tion-toughened  zirconia  and  ceramic-matrix  composites,  for  the  most  part, 
exhibit  good  stress-rupture  performance  and  strength  at  both  room  tempera¬ 
ture  and  high  temperatures  up  to  ^  1200“C  (2200®F),  and  they  are  considered 
33  the  most  promising  candidates  in  this  application. 

The  recent  work  of  United  Technology  Research  Center*  by  fabricating 
Nicalon  fiber  reinforced  LAS  matrix  material  demonstrates  its  good  mechan¬ 
ical  properties  including  flexural  strengths  and  fracture  toughness  up  to 
900”C.  The  Nicalcn®  SiC  fiber  reinforced  Magnesium  .  luminum  Silicate  (MAS) 
composite  systems  was  studied  by  a  number  of  investigators  which  include 
UTRC,  T.  Mah,  and  the  Materials  Laboratory  of  AFWAL  in  the  past  several 
years.  The  slurry  of  alkoxide  derived  hydroxide  solution  mixture  of  MAS 
compositions  were  processed  to  load  the  fibers.  Vacuum  hot  pressing  was 
then  employed  to  densify  the  composites.  The  mechanical  properties  of  the 
composites  strongly  depend  on  the  densif ication  and  strength  of  the  matrix 
material,  fiber-matrix  interactions  and  fiber-matrix  bonding  strength. 
Characterizations  of  the  existing  phases  and  their  distribution, 
microstructural  features  and  the  phases  present  at  the  fiber/matrix 
interface  would  definitely  provide  foundations  which  unable  us  to 
understand  the  effects  of  processing  parameters  on  the  microstructural 
development  of  the  composites. 


II.  OBJECTIVES: 


The  main  objectives  of  this  project  were  to  characterize  the  Nicalon® 
SiC  fiber  reinforced  MAS  composites  and  assess  the  effect  of  variations  in 
processing  parameters,  such  as  hot  pressing  temperatures  and  the  heating 
rates  of  binder  burnout  cycle,  on  microstructural  development  of  the 
composites.  The  temperature  of  complete  burnout  of  the  organic  materials 
in  composites  was  determined  by  thermogravimetric  Analysis  (TGA) .  X-Ray 
diffraction  technique  was  used  to  identify  the  phases  presented  in  tha 
composites.  Mice  cructural  distribution  of  different  phases  wa3  charac¬ 
terized  with  Scanning  Electron  Microscope  (SEM),  Energy  Dispersive  X-ray 
(EDX)  and  Wavelength  Dispersive  X-ray  (WDX) .  The  qualitative  chemical 
compositions  and  phase  distribution  at  the  fiber/matrix  interface  were 
analyzed  with  Scanning  Transmission  Electron  Microscope  (STEM)  and  EDX. 

The  results  of  these  analyses  unable  us  to  understand  the  effects  of 
processing  parameters  on  microstructural  development,  which  in  turn 
determines  the  mechanical  properties  of  the  composites. 


III.  EXPERIMENTAL  PROCEDURE: 


I.  Samples  Preparation  and  Process  Control 

2 

Nicalon®  fiber  reinforced  composite  samples  were  made  by  E.  Hermes  for 
microstructural  analyzes.  Four  samples  were  prepared  under  four  different 
processing  conditions.  Temperatures  and  heating  rates  of  the  composites  at 
different  stages  of  the  manufacturing  process  are  believed  to  be  the  most 
Important  parameters  in  controlling  the  final  density  and  percentage  of 
porosity  of  the  composites,  and  also  the  degrees  of  reactions  between 
fibers  and  the  matrix.  A  TGA  run  with  a  heating  rate  of  250°C/hr  indicated 
that  no  significant  weight  loss  of  the  sample  was  measured  for  temperature 
over  440*0,  and  it  suggested  that  a  peak  temperature  of  450°C  for  binder 
burnout  should  be  adequate.  Two  different  binder  burnout  cycles  were 
therefore  chosen  as  follows:  I)  Fast  cycle:  with  a  heating  rate  of 
20°C/min  from  room  temperature  to  450°C  and  hold  at  450*C  for  30  minutes; 

2)  Slow  cycle:  the  samples  were  held  at  100,  200,  300,  380,  and  450°C 
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respectively  during  the  heating  cycle  for  120  minutes  with  a  constant 
heating  rate  of  20®C/min  starting  from  room  temperature.  Three  different 
hot  pressing  temperature,  i.e.t  1250,  1300  and  1380®C  were  chosen  in 
preparing  samples  experienced  a  fast  binder  burnout  cycle,  and  a  hot 
pressing  temperature  of  1250°C  was  chosen  for  samples  have  gone  through  a 
slow  binder  burnout  cycle. 

2.  Characterization  of  Composites 

In  order  to  assess  the  effe-.t  of  variations  in  processing  parameters, 

such  as  hot  pressing  temperature  and  the  heating  rate  of  binder  burnout 

cycle,  on  microstructurai  development  of  the  composites,  a  series  of 

experiments  were  conducted.  Each  sample,  which  corresponds  to  one  set  of 

processing  parameter  was  analyzed  with  x-ray  diffraction  techniques  by 
2 

E.  Hermes  to  identify  the  phases  being  present.  Microstructurai  feature 
of  the  samples  was  examined  with  Scanning  Electron  Microscope  (SEM) . 

Energy  Dispersive  x-ray  (EDX)  and  Electron  Microprobe  were  used  to  analyze 
the  microstructurai  chemical  compositions  and  phase  distribution  of  the 
composites.  Fiber/matrix  interface  composition  and  matrix  precipitates 
composition  were  also  analyzed  by  EDX  and  Electron  Microprobe. 
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IV.  RESULTS: 

1.  Mechanical  Properties 

The  4-point  flexural  strengths  of  composites  prepared  with  different 

hot  pressing  temperatures  or  different  binder  burnout  cycles  were  measured 
2 

by  Hermes  and  are  presented  in  Table  I.  Tension  and  compression  modes 
fracture  dominates  for  span/depth  ratio  greater  than  20,  while  the  mixtures 
of  tension,  compression  and  shear  modes  fracture  prevail  for  smaller 
span/depth  ratios.  The  Important  point  to  note  from  Table  I  are  that  with 
the  same  fast  binder  burnout  cycle,  a  hot  pressing  temperature  of  1300°C 
gives  a  higher  flexural  strengths  then  other  two  pressing  temperatures; 
while  using  a  slow  binder  burnout  cycle  and  hot  pressing  temperature  of 
I250°C,  the  flexural  strength  is  the  best  among  all  the  samples  processed. 

2.  Mlcrostructural  Characterizations 

Micrograph  of  polished  samples  No.  1-4  taken  by  SEM  are  shown  in  Fig. 
1(a)  -  1(d).  By  comparing  Fig.  1(a),  (b) ,  (c)  and  (d),  it  is  obvious  that 
sample  No.  4  is  nearly  pore  free  while  samples  Nos.  1  and  3  both  have  huge 
pore  regions.  On  the  other  hand,  most  of  the  fibers  in  sample  No.  3  were 
reacted  severly  with  the  matrix  material.  It  is  also  noted  that  sample  No. 
3  had  a  strong  fiber-matrix  interaction,  and  no  clear  fiber  boundary  can  be 
defined. 
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X-ray  diffraction  patterns  of  sample  Nos.  1-3  analyzed  by  Hermes  all 
show  niobium  carbide  (NbC) ,  zirconium  oxide  (ZrO^)  and  high  quartz 
structure  of  magnesium  aluminum  silicate  (MgO-A^O^  •  3510^)  phases.  Sample 
No.  1  has  also  a  stronger  peak  of  high  cordierite  (2Mg0 -ZAl^O^- SSiOj)  phase 
than  sample  No.  2,  while  sample  No.  3  has  no  high  cordierite  phase  at  all. 

Fine  precipitates  in  the  matrix  of  sample  No.  1  have  high  niobium  and 
zirconium  contents  as  analyzed  by  wavelength  dispersive  x-ray  (WDX)  mode  of 
an  electron  microprobe.  The  intensity  ratios  of  Nb  or  Zr  peak  to  A1  peak 
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are  compared  for  precipitates  and  matrix  region  without  precipitates.  The 
peak  rations  of  Zr/Al  and  Nb/Al  are  0.76  and  1.88  respectively  on  an 
arbitrary  scale  for  the  precipitates  as  compared  with  0.10  and  0.48  on  the 
same  scale  for  other  matrix  region.  Carbon  detection  unfortunately  has  not 
been  set  up  yet  for  the  microprobe  and  no  C  analysis  was  done.  However, 
based  on  the  evidence  of  presence  of  NbC  and  ZrC^  phases  as  verified  by 
x-ray  diffraction,  and  these  precipitates  are  the  only  phase  high  in 
niobium  and  zirconium  contents  in  the  matrix  as  analyzed  by  EDX,  it  1b 
believed  that  these  precipitates  are  indeed  the  mixtures  of  niobium  car¬ 
bides  and  zirconium  oxides.  Wavelength  dirpersive  x-ray  analysis  of  the 
fiber/matrix  interfacial  region  of  sample  No.  1  was  preformed  in  a  stepwise 
fashion,  and  the  results  are  given  in  Table  II.  It  indicates  that  no 
diffusion  of  Mg,  Al,  Zr  and  Nb  into  the  fiber  occurred,  and  these  elements 
all  stay  in  the  matrix.  The  EDX  spectrum  of  the  precipitates  in  the  matrix 
of  sample  No.  3  are  given  in  Fig.  2,  and  it  showed  a  superposition  peak  of 
Zr  and  Nb.  It  is  concluded  that  these  precipitaf -ss  in  sample  No.  3  are  the 
mixtrues  of  NbC  and  ZrC^  phases  as  confirmed  by  x-ray  diffraction  data. 


A  3mm  disc  of  smaple  No.  2,  which  has  a  longitudinally  oriented  fiber 
direction,  was  polished  to  a  uniform  thickness  of  2.5  mil.  Then  a  thin 
foil  was  prepared  by  ion  milling  technique.  The  sample  was  bombarded  with 
argon  gas  at  an  angle  of  incidence  of  15®  for  37  hours,  where  the  argon  gas 
was  accelerated  with  a  gun  voltage  of  6KV  and  a  gun  current  of  1  mA.  A 
Scanning  Transmission  Electron  Microscope  (STEM)  was  used  to  analyze  this 
foil  and  a  STEM  image  is  shown  in  Fig.  3(a).  It  can  be  seen  that  some  dark 
particles  precipitates  along  the  fiber/matrix  interface.  Energy  Dispersive 
X-ray  analysis  of  the  overall  interfacial  region  and  the  precipitates  along 
the  interface  are  shown  in  Fig.  4(a)  and  (b)  respectively,  and  Fig.  4(b) 
shows  a  strong  Nb  peak  as  compared  with  Fig.  4(a).  An  EDX  mapping  micro¬ 
graph  of  Nb  Is  shown  in  Fig  3(b),  and  it  verifies  that  the  dark  particles 
along  the  interface  are  rich  in  niobium.  Based  on  these  results  and  the 
x-ray  diffraction  data,  it  suggested  that  there  are  NbC  crystals  precipi¬ 
tates  along  the  fiber/matrix  interface. 
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A  higher  magnification  micrograph  of  the  area  aa  Indicated  by  an  arrow 
in  Fig  1(a)  are  shown  in  Fig.  5(a).  This  area  is  in  a  porous  region  and  an 
EDX  analysis  of  the  discontinuous  phases  shown  are  given  in  Fig.  5(b). 

This  spectrum  showed  a  strong  silicon  peak  and  a  weak  magnesium  peak,  and 
no  aluminum  peak  was  found  at  all. 

V.  DISCUSSION  AND  CONCLUSIONS: 

There  are  good  correlations  between  the  flexural  strengths  aa  given  in 
Table  I  and  micrographs  as  shown  in  Fig.  l(a)-(d)  of  the  composites. 

Sample  No.  4  has  a  nearly  pore  free  microstructural  feature  and  it  also 
gives  the  best  flexural  strength.  Sample  No.  2  has  a  limited  amount  of 
pores  and  it  has  the  second  best  flexural  strength.  Sample  No.  1  and  No.  3 
both  are  very  porous  and  they  have  the  lowest  flexural  strengths  as 
expected. 

Sample  No.  1  was  processed  at  1250°C  with  a  fast  binder  burnout  cycle. 

Figure  5  suggests  that  in  some  of  the  porous  regions,  the  matrix  has 

3 

undetectable  aluminum  ions  by  EDX.  Borom  et  al  verified  that  in  reducing 
atmosphere  with  the  presence  of  hydrogen  gas  and  carbon,  alumina  reacts 
with  carbon  to  form  Al^O  and  A10  gas  species  thru  the  following  reactions: 

«2 

A1203(s)  +  C(s)  3==B  2A10(g)  +  CO(g) 

«2 

A1203(s)  +  2C(s)  .  . -  -*Al20(g)  +  2C0(g) 

During  the  vacuum  hot  pressing  cycle  of  the  composites,  hydroxides  provide 
the  needed  hydrogen  atmosphere  and  the  residual  carbons  in  the  matrix  are 
expected  to  react  with  alumina  to  form  volatile  A10  and  A120  species 
leaving  behind  the  matrix  with  porosities  which  is  low  in  aluminum  content. 
When  the  hot  pressing  temperature  Increases  to  1300*C,  the  matrix  material 
is  less  viscous  and  the  rearrangement  of  the  material  in  the  matrix  fills 
up  the  pores  generated  by  volatizations  of  A10  and/or  A120.  This  explains 
the  less  porous  structure  of  sample  No.  2  as  shown  in  Fig.  1(b).  On  the 


\ 
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ocher  hand,  when  a  slow  organic  burnout  cycle  was  used,  a  far  much  less 
amount  of  carbon  was  left  in  the  matrix  and  most  of  them  reacted  with 
niobium  to  form  niobium  carbide  as  will  be  discussed  later.  The  chance  for 
volatilization  of  gas  species  of  aluminum  oxides  was  reduced  dramatically 
and  a  pore  free  composite  was  formed  as  shown  in  Fig.  1(d).  Sample  No.  3 
was  processed  at  1380°C  which  was  too  high  a  hot  pressing  temperature  and 
gave  stronger  reactions  between  fibers  and  matrix  than  those  processed  at 
lower  temperatures.  Figure  1(c)  shows  that  the  fiber/matrix  reaction 
causes  a  degradation  of  fibers  and  creates  some  pores  due  to  the  volatili¬ 
zation  of  some  matrix  material.  Further  experiments  will  be  carried  out  by 
using  Mass  Spectrograph  to  analyze  the  volatile  species. 

Niobium  carbide  crystal  precipitates  are  found  in  the  matrix  for  all 
of  the  samples.  Based  on  thermodynamics  calculation,  with  the  presence  of 
carbon  at  low  oxygen  partial  pressures  and  in  vacuum,  formation  of  niobium 
carbide  is  much  preferred  than  that  of  niobium  oxide.  Carbon  sources  in 
the  composites  are  coming  from  the  SIC  fibers  themselves  as  well  as  carbon 
left  in  the  matrix  originated  from  organic  solvent  and  binder.  The  reac¬ 
tion  between  fiber  and  niobium  ions  in  the  matrix  form  NbC  crystals  which 
are  segregated  along  th  fiber/matrix  interfaces  as  shown  in  Fig.  3,  while 
the  reactions  of  niobium  ion  and  the  residual  carbon  in  the  matrix  form 
fine  NbC  precipitates. 

Sample  No.  1  has  no  niobium  carbide  precipitates  along  the  fiber/ 
matrix  interface  as  analyzed  by  electron  microprobe,  the  brittle  fracture 
of  this  sample  indicates  that  there  are  good  fiber/matrix  bondings. 

Samples  No.  2-4  all  have  niobium  carbide  precipitates  along  the  fiber/ 
matrix  interface  as  shown  in  Figs.  1(d)  and  3.  It  is  expected  that  the 
presence  of  niobium  carbide  precipitates  along  the  interface  causes  a 
weaker  bonding  between  the  fiber  and  matrix,  and  as  a  result  the  flexural 
strength  of  the  composites  is  improved.  A  more  continuous  string  of  NbC 
crystals  are  expected  for  sample  No.  4  since  it  was  processed  with  a  slow 
binder  burnout  cycle  and  a  far  much  less  residual  carbon  should  be  left  in 
the  matrix.  This  enhances  the  possibilities  of  niobium  reaction  with  SiC 
fibers  to  form  NbC  along  the  interface.  A  thin  foil  of  sample  No.  4  will 
be  analyzed  with  STEM  in  the  future  to  verify  this  speculation. 


VI.  RECOMMENDATIONS: 

This  study  demonstrates  that  microatructural  characterization  Indeed 
unable  us  to  understand  more  on  hov  the  composites  changes  their  micro- 
structural  feature  and  phases  distribution  as  a  function  of  processing 
parameters.  It  also  gives  good  correlations  betveen  the  microstructure  and 
mechanical  properties  of  various  samples  processed  somewhat  differently. 

It  is  therefore  recommended  at  this  point  to  continue  on  this  characteri¬ 
zation  study,  and  more  specifically: 

(1)  To  determine  the  chemical  reaction  temperatures,  phase  transfor¬ 
mation  temperatures  and  identify  the  volatile  species  of  matrix 
material  itself  and  composites  with  DTA/TGA/Mass  spectrograph. 

(2)  Study  the  reaction  of  alkoxy  derived  niobium  oxide  and  carbon  to 
form  niobium  carbide  with  DTA  and  TGA. 

(3)  Develop  a  technique  to  seml-quantatively  compare  the  relative  NbC 
contents  in  matrix  for  different  process  parameters,  and  also 
determine  NbC  content  of  matrix  material  alone  by  processing  them 
thru  identical  thermal  cycles  and  hot  pressing  conditions  as 
composites. 

(4)  Follow-on  the  STEM  and  EDX  analysis  on  samples  fabricated  with 
different  process  parameters,  such  as  sample  No.  4. 

(5)  Analyze  the  chemical  constituents  and  phase  distribution  at  the 
fiber/matrix  interface  with  Scanning  Auger  Spectrograph. 
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TABLE  I  Four-point  flexural  strengths  of  samples  No.  1-4 
where  the  test  span(S)  of  0.75  in.  was  used 

Hot  Pressing  Flexural  Sample 

Sample  No.  Temperature  (°C)  Strength  (ksi)  Thickness  t(in.) 


TABLE  II  WDX  Intensities  on  Mg,  Al,  Zr,  and  Nb  at  the  fiber /matrix 
interface  of  sample  No.  1,  where  the  center  of  area  B  is 
located  at  the  fiber/matrix  interface;  the  center  of  area  A  is 
near  the  interface  and  within  the  fiber  region;  the  center  of 
area  C  is  near  the  interface  and  within  the  matrix  region. 


Area  A 

Area  B 

Area  C 

Mg 

0.6 

1.2 

2.2 

Al 

2.2 

5.1 

6.5 

Zr 

0.5 

0.9 

1.4 

Nb 

1.4 

2.9 

3.8 

+  All  the  intensities  are  on  relative  scale 
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Fig.  1  Microstructures  of  samples  hot  pressed  at  (a)  1250°C  (sample  No.  1), 

(b)  1300‘C  (sample  No.  2),  and  (c)  1380#C  (sample  No.  3)  all  with  fast 
binder  burnout  cycles;  (d)  1250°C  (sample  No.  4)  with  slow  binder 
burnout  cycle  (X  200  magnifications). 
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Fig.  3  (a)  STEM  image  of  a  f iber/matrix  interface; 

(b)  EDX  niobium  element  mapping  of  the  same 
area. 
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